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ABSTRACT 
Over 300,000 total hip replacement (THR) surgeries are performed annually in 
the United States with generally good clinical outcomes. Surgical registries around the 
world report that approximately 90% of implanted THR devices survive for ten years or 
longer after implantation. However, the trend of increasing incidence of THR, 
particularly among younger, more active patients has generated considerable interest in 
THR design improvements to increase the longevity of these devices. As a result, many 
new articular bearing materials have been introduced for THR in recognition of 
prosthesis wear as a leading failure reason for contemporary designs. Ceramic-on-
ceramic articulations were first introduced for THR devices several decades ago, but the 
initial clinical effectiveness of such devices was mired by the low fracture toughness of 
first generation bioceramics. Improved ceramic manufacturing technologies and new 
composites of alumina and zirconia ceramics have led to a resurgence in the interest of 
bioceramics as an alternative bearing material for THR since the 1990’s. The broad 
objective of this thesis is to investigate the surface integrity of explanted alumina and 
zirconia toughened alumina (ZTA) femoral heads that have endured in vivo function. 
High hardness and good wettability are considered two essential characteristics 
contributing to fluid-film lubrication of hard-on-hard articular bearing surfaces. These 
properties were addressed with two primary studies on a set of alumina (n=21) and ZTA 
(n=7) prosthetic femoral heads, retrieved through an implant retrieval program which has 
been approved by an institutional review board. Never-implanted alumina and ZTA heads 
were used as controls. The first study was an analysis of surface roughness, performed on 
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each head using optical interferometry. The second study was an analysis of surface 
wettability, performed on each head using a drop shape analyzer and controlled 1 
microliter droplets of deionized water. To accurately quantify wettability on the spherical 
surfaces of the femoral heads, new methodologies were developed and verified. Results 
of these studies show that surface roughness and wettability could be highly variable 
from one point to the next on each explanted femoral head, suggesting that the effects of 
wear were localized on these advanced bioceramics. Undamaged surfaces on explants 
had lower average surface roughness than the average surface roughness on never-
implanted control heads. The surfaces examined exhibited a large variance in wettability 
data, ranging from highly wettable on some surfaces to non-wettable on others. Using 
known wettabilities of alumina and ZTA materials, correlations were drawn between 
local surface topographies and their effect on wetting behaviors. Conclusions from this 
study provide important considerations about assessing wettability in the presence of 
roughness for future explant analyses. 
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Total Hip Arthroplasty 
Hip arthroplasty refers to the surgical repair of the acetabulofemoral joint by way 
of replacing, remodeling, or realigning damaged articular surfaces. While some 
pathologies of the hip can be treated using partial arthroplasty techniques that conserve 
native tissue, the most common treatment option for patients suffering from chronic 
osteoarthritis or joint failure remains total hip arthroplasty. Total hip replacement (THR) 
involves surgical removal of a patient’s native femoral and acetabular bearing surfaces 
followed by implantation of prosthetics that completely replace the bearing couple with 
artificial components. This artificial, ball-and-socket type bearing couple typically 
features metallic, polymeric, and/or ceramic components. 
All current THA devices are in some way descendants of Sir John Charnley’s 
‘low friction arthroplasty,’ introduced in 1958. Charnley’s hip replacement design 
revolutionized clinical management of patients who were otherwise crippled by arthritis, 
reporting excellent long-term results.1 The design consisted of a stainless steel stem and 
head component that is implanted into the intermedullary canal of the femur, as well as a 
polymeric (originally Teflon®, DuPont)  cup implanted into the acetabulum. Modern 
THR devices retain similar design features, generally including a bearing couple 
comprised of femoral and acetabular cup components, though advances in bioengineering 
technology have led to improvements in mechanical strength and bone fixation, as well as 
the introduction of various combinations of materials used to construct the articular 
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interface. Ceramic bearings were introduced as a wear-resistant alternative to 
polyethylene THR bearings approximately a decade after the first metal-polyethylene 
articulations were implanted. 
The history of THR is largely a success story, with current arthroplasty registries 
reporting that more than 90% of devices survive for ten years or longer in vivo.1-3 The 
survivorship of THR devices specifically featuring ceramic on ceramic bearings has also 
been reported to be especially high in recent years, with some institutions indicating 
survivorship as high as 98.9% at ten years.4 
Considered as a percentage of all reported reasons for THR revision, aseptic 
loosening is identified as a leading cause, accounting for 20% to nearly 60% of the THA 
revision procedures performed annually.5,6 However, when considering revision reasons 
as a function of in vivo time, the causes for revision appear to change with increasing 
implantation duration. Early failures, arising within two years of THA occur most 
commonly for reasons such as instability or sepsis, whereas later failures, occurring after 
10 years or more, are dominated by aseptic loosening resulting from mechanical or 
biologic loss of fixation over time.6
Ceramic Bearing Materials for Hip Arthroplasty 
Since the 1960’s, Charnley’s ‘hard-on-soft’ implant design has become the 
predominantly accepted bearing couple, with the most common THR devices currently in 
service around the world consisting of a ‘hard’ cobalt-based (CoCr) alloy femoral head 
articulating against a ‘soft’ ultra-high molecular-weight polyethylene (UHMWPE) 
acetabular liner. Despite great clinical success up to ten years after implantation, wear of 
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the UHMWPE component in modern ‘hard-on-soft’ THR bearings is a major obstacle 
limiting the longevity of these devices. Projections indicate that the need for THR will 
grow significantly in the next 20 years, particularly for younger, more active patients who 
will therefore require increased in vivo device durability and survivorship.7 As a result, 
there has been resurgence of interest in discovering alternative wear-resistant bearing 
materials to improve the long-term outcomes of THR for a generation of patients that will 
rely on them for longer periods of time than most current device recipients. When 
considering the bearing couple of THR devices, the primary material-dependent 
characteristics that the implant must provide are low friction over the expected range of 
motion, resistance to wear and aseptic loosening, and corrosion resistance. The ideal 
bearing for THR would possess ultra-low wear rates and be able to withstand rigorous 
cyclic loading for multiple decades, retaining relative biocompatibility over its lifecycle. 
‘Hard-on-hard’ bearings have been researched extensively in attempts to improve 
the wear behavior of THR devices. The first ceramic-on-ceramic bearing couples for 
THR were introduced in the 1970’s and featured one of the pioneering orthopedic 
applications of bioceramics.8 Researchers found that high-density, high-purity alumina 
could be used in THR bearing couples such that, when paired with itself, ceramic-on-
ceramic articulations exhibited excellent wear and corrosion resistance, as well as good 
biocompatibility and high mechanical strength.9 For THR technology, this improvement 
signifies an alternative to the conventional polyethylene materials that are much more 
susceptible to wear. 
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Hard-on-hard THR bearings featuring metal-on-metal or metal-on-ceramic have 
also been investigated in recent years. However, it has been noted that hard-on-hard 
bearing combinations featuring at least one metal component are prone to generate metal 
ions from wear in vivo that are known to produce adverse reactions in the body. [10-12] 
When small diameter metal particles are produced from wear in sufficiently high 
concentrations, osteoclasts at the bone-implant interface become activated as an 
inflammatory response. [13, 14] The resulting aseptic loosening may necessitate an 
expensive revision surgery. Reports of poor clinical performance of certain THR devices 
featuring metal-on-metal articulations have resulted in widespread scrutiny of the use of 
all types of metal-on-metal devices, especially in younger patients for whom the 
correlation between in vivo duration and subsequent wear-based need for revision is of 
particular concern. [15-17]  
Despite promise, hard-on-hard THR devices featuring exclusively ceramic 
bearing materials suffer from their own set of clinical problems. Due to the highly brittle 
nature of ceramic materials, malpositioned ceramic acetabular liners may promote edge 
loading of the ceramic femoral head in vivo and result in excessive wear or even 
component fracture.18 Furthermore, in the event of a ceramic component fracture, it is 
very difficult to remove all of the ceramic fragments from the joint space during the 
revision surgery.19 Ceramic-on-ceramic devices have also been commonly revised for 
reports of squeaking.[19,20] For these reasons, research efforts on bioceramics for the role 
of THR have focused on improving ceramic material qualities by modifying design 
requirements and manufacturing processes.20 
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The first generation of ceramic-on-ceramic bearings, ushered in by Boutin in the 
1970’s, featured a cemented, aluminum oxide socket for the acetabular component and a 
ceramic, taper-locked femoral head. These first generation ceramic-on-ceramic THR 
devices were not successful due to problems with bone fixation. The cause for the 
failures was identified as a result of the inhibition of osseous integration due to alumina’s 
natural chemical inertness, causing implant loosening and migration.8 Despite the high 
rate of fixation related failures, the ultralow wear rates of ceramic-on-ceramic 
articulations did not go unnoticed, as failed ceramic-on-ceramic devices from this 
generation rarely exhibited the wear debris effects that produced osteolytic phenomena 
seen in hard-on-soft devices at the time and revisions of first generation ceramic devices 
were notably uncomplicated by major bone loss.21  However, some retrieved first 
generation ceramic-on-ceramic articulations showed severe wear when compared to 
metal-on-UHMWPE. This unexpected, excessive wear was usually shown in joints with 
high inclination of the ceramic acetabular cup.22
The introduction of zirconia components in the 1980’s marked the second 
generation of bioceramics for THR. The problem with the loosening of first-generation 
ceramic cups was mitigated using exterior metallic liners to promote osseointegration and 
solid bone fixation.23 Zirconia ceramics were sought as an alternative to alumina ceramics 
based on their higher flexural strength in an effort to combat the risk of component 
fracture. Pure zirconium oxide (zirconia) has a polycrystalline biphasic structure that 
must be stabilized with yttrium to be used as a bioceramic.24 Yttrium-stabilized zirconia 
(Y-TZP) was researched extensively as an alternative bearing material in the 1980’s but it 
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was found that Y-TZP was unstable at physiologic temperatures that can be generated in 
the acetabulofemoral joint during exposure to frictional heat. The resulting, heat-induced 
phase transformation of Y-TZP results in a material volume increase of approximately 3-
4%,25 interfering with fixation and bearing functionality, leading to unexpectedly high 
premature failure rates for THR devices featuring zirconia.26 This ultimately led to the 
withdrawal of bulk Y-TZP materials from all orthopedic applications as a viable bearing 
surface.27
With the disadvantageous aging effects of zirconia THR components identified, 
alumina, once again, became the popular ceramic option for THR in the 1990’s. BIOLOX 
forte was introduced in 1994 and features an isostatically pressed, ultra-pure alumina 
composition with a small share of magnesium oxide introduced during manufacturing to 
control grain growth and create a high-density material that maximized mechanical 
performance and device hardness. Improvements in surgical techniques and device 
design led to great clinical success for BIOLOX forte ceramic-on-ceramic THR devices 
when compared to devices featuring the first generation of alumina, with some 
institutions reporting up to 99% survival rates at the 10 year mark.28 Despite high 
survival rates, reports of devices featuring BIOLOX forte failing by component fracture 
necessitated the development of a fourth generation of bioceramics for THR.22 
Composite ceramics were developed to mitigate the unfavorable fracture 
toughness of pure alumina. BIOLOX delta was introduced to the European orthopedics 
market in 2000 and features an alumina ceramic matrix in which grains of yttria-
stabilized zirconia and platelets of strontium are suspended. While the intermittent grains 
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of zirconia are still metastable, it was shown that the surface roughening and 
decomposition due to aging prevalent in pure zirconia components did not occur.27 
BIOLOX delta exhibits material stiffness and hardness similar to BIOLOX forte but its 
flexural strength is almost twice as high.29
Wear 
Osteolysis has been identified as the long-term limitation of contemporary THR 
devices. While minimizing wear appears to be the appropriate strategy for THR design, 
the biological response to wear particles that causes loosening is not solely dependent on 
wear volume. Rather, the severity of acute inflammatory responses to wear debris is 
dependent on the bio-inertness of the particulate debris, the number and size of wear 
particles, as well as their size distribution.30 Contemporary bioceramic materials like 
BIOLOX forte and delta possess several wear-related advantages that make them suitable 
alternatives to metal and UHMWPE materials for THR. 
Wear is defined as damage caused to a solid surface due to the relative motion 
between that surface and a contacting material.31 Wear rate is used extensively in THR 
literature as a comparative metric for various bearing-combinations. In hip wear 
simulation studies, articulations featuring bioceramics have shown much lower wear rates 
than articulations with a UHMWPE component.20 The low wear rates of ceramic-on-
ceramic combinations can be attributed to their ultrahigh hardness compared to 
UHMWPE materials. Metal-on-metal articulations were also shown to possess extremely 
low wear rates in hip simulation studies,11 but wear rate alone was not a sufficient 
indicator for their safe usage in THR devices.
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The unexpectedly poor clinical performance of metal-on-metal articulations 
implanted over the last 20 years caused a paradigm shift in the design requirements of 
THR bearing materials. The failure of metal-on-metal articulations illustrated how wear 
induced osteolysis was a particle dependent disease rather than purely related to wear. 
Researchers linked the pathogenesis of wear induced osteolysis to the size and shape of 
wear particles produced, ascertaining that any type of wear particles (polymer, metal, or 
ceramic) can cause osteolysis provided the particles are a critical size.21 Metal-on-metal 
articulations produce extremely low wear volumes, but the wear particles that are 
generated from these devices in vivo are sized appropriately to illicit strong adverse tissue 
reactions. While histological assessments have shown that alumina based ceramic wear 
particles can stimulate foreign body responses in periprosthetic tissues,32 there have been 
few clinical reports of osteolysis being associated with devices featuring ceramic-on-
ceramic devices over a relatively long period of use.[33-35]  
Purpose of Study 
Post-op surveillance of orthopedic implants is intrinsically limited until the 
devices are removed at the end of their lifecycle. Explant studies play a key role in 
determining the efficacy of implantable medical devices because they can provide 
researchers in both industry and the clinical community with valuable feedback on how 
in vivo function has affected engineered characteristics of the device. For this reason and 
others, the Laboratory for Retrieval Analysis and Reprocessing of Medical Devices, or 
RE-MED, was established at Clemson University. The overarching motivation for this 
thesis stems directly from the mission statement of RE-MED in the idea that systematic 
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assessments of medical device technology can lead to the improvement of safety and 
effectiveness of future iterations of medical devices. 
The broad objective of this thesis research is to characterize the interface of a set 
of ceramic femoral head retrievals featuring subsets of BIOLOX forte and delta 
materials. This will be accomplished through two studies that aim to investigate surface 
roughness and wettability respectively at similar locations on each femoral head. The 
purpose of the surface roughness study is to systematically assess the surface topography 
and quantify the extent of surface damage observed on the explants, as detailed in 
Chapter III of this thesis. The purpose of the contact angle study was to assess wetting 
behavior on the explants at areas with various extents of surface damage, as detailed in 





Optimal wettability is considered to be an essential characteristics contributing to 
fluid-film lubrication of ball-and-socket articular bearing couples in total hip 
replacements (THR).36 Compared to traditional THR using metal femoral heads 
articulating with low-friction polyethylene acetabular cups, the impact of wetting on 
fluid-film behavior is heightened for hard-on-hard bearing couples such as ceramic-on-
ceramic THR or metal-on-metal THR.[37,38] Reduced wettability can lead to higher 
friction, which in turn results in higher wear36 with the potential to reduce the longevity 
of these bearing materials in vivo, necessitating expensive revision surgeries that increase 
healthcare costs and can negatively impact patient outcomes.[39,40] However, assessing 
wetting through accurate contact angle measurements of articular bearings in their final 
manufactured state is difficult due to variations in surface roughness and their spherical 
geometry.41
Sessile liquid drops are widely used to assess wettability. Usually, a small drop is 
gently deposited on a horizontal solid surface, and a contact angle is measured. The 
contact angle is defined as the angle formed by the intersection of the liquid-solid 
interface and the liquid-vapor interface. Contact angle is expected to be characteristic for 
a given solid-liquid system in a specific environment. When small drops are deposited on 
flat surfaces, intermolecular forces of the liquid cause the drop to form a shape with 
lowest surface free energy, which is hemispherical.42 There are many techniques 
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available for measuring contact angle for various fluid-surface interfaces.[43-46] With the 
half-angle method, the contact angle can be calculated by measuring the height and 
length dimensions of the drop.47  It can be assumed that with very small drop volumes the 
external forces from gravity do not cause the drop to deviate from hemispherical 
curvature.48
 Contact angle measurements can also be made on spherical surfaces.49 Using 
appropriate mathematical algorithms to account for surface curvature, the contact angle 
can be corrected when calculating using the half-angle method (θ/2 method).50 The 
purpose of this study was to develop and verify a technique for measuring contact angle 
on the articular surfaces of spherical femoral head bearings used in THR. Correct 
implementation and repeatability of the half-angle method and appropriate mathematical 
corrections were verified using four metal spheres with diameters that bracket typical 
sizes of femoral head bearings. Three common femoral head materials were studied, 
including both metal alloys and ceramics.  
Materials and Methods 
Two groups of spheres were acquired and used for the contact angle 
measurements. A Control Spheres group included four steel ball bearings (Bal-tec, Los 
Angeles, CA) with diameters of 19 mm, 25 mm, 32 mm, and 38 mm to bracket the range 
of sizes commonly used for femoral heads bearings. Control Spheres were composed of 
chrome alloy steel (SAE 52100 - UNS G52986) and precision manufactured to grade 25 
[ASTM F2215; ISO 3290], indicating sphericity within 0.635 μm (25 μ-in), nominal 
diameter tolerance within ±0.635 μm (± 25 μ-in), and maximum surface roughness (Ra) 
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of 0.05 μm (± 2 μ-in.).  A Femoral Heads group included three unused 28 mm diameter 
femoral head bearings, the first composed of wrought metal cobalt-chrome alloy (Co-Cr) 
with high carbon content [ASTM F1537], the second of ceramic alumina oxide (Biolox® 
forte), and the third of ceramic zirconia-toughened alumina (Biolox® delta). All Femoral 
Heads were precision manufactured to medical-grade standards [ASTM F2033; ISO 
7206-2] applicable to THR, indicating sphericity within 10 μm (390 μ-in), nominal 
diameter tolerance within +0.0 to -0.2 mm (+0.000 to -0.008 in), and maximum surface 
arithmetic average roughness (Ra) of 0.05 μm (2 μ-in.).  The surfaces of all Control 
Spheres and Femoral Heads were cleaned thoroughly with ethanol, rinsed with deionized 
water, and dried with dry nitrogen gas before each measurement. A grid of five 
measurement points distributed on the surfaces of the Control Spheres and Femoral 
Heads was established by selecting one point defined by the apex and four points equally 
distributed about the equatorial plane [ISO 7206-2]. Measurement point locations were 
visualized using an optical microscope (model K400P, Motic, Inc., Xiamen, China) at 
low magnification (6-50x) and circled with a fine-tipped marking pen for easy 
identification. A custom alignment jig was used to manipulate the heads during 
measurement. 
Surface roughness measurements were completed for each Control Sphere and 
Femoral Head since variations in surface roughness can impact contact angle 
measurements.  Surface roughness (Ra) was measured in the predefined five point grid 
locations using a non-contact interferometer (NP-Flex, Bruker Corp., Tucson, AZ). A 5X 
objective lens was selected to provide approximately 5X magnification with a 0.88 x 1.2 
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mm field of view and a resolution of ± 1 nm.  These parameters were chosen so that the 
area defined by the field of view was approximately equal to the drop size to be used for 
the contact angle measurements. A 10X objective lens was used for the smallest control 
sphere (19 mm diameter) because the light was reflected away from the interferometer at 
lower magnification, leading to an incomplete image.  
Contact angle measurements in the predefined five point grid locations were 
completed using high-resolution images of sessile drop profiles acquired using an optical 
drop shape analyzer (DO4010 Easy Drop, Krüss GmbH, Germany). Air temperature and 
humidity adjacent to the drop shape analyzer were monitored and maintained at 80 °F and 
50%, respectively. Deionized water was used as the drop solvent and was suspended 
from a needle in controlled 1 μl volumes per droplet by an automated syringe. Before 
taking any measurements, the instrument stage was leveled and the needle was adjusted 
perpendicular to the stage using a weighted string. Each sphere was mounted onto the 
instrument and the translation stage was adjusted so that the angle between the needle and 
its reflection on the spherical surfaces was 0°, thus ensuring that the drop was centered at 
the sphere apex.  This was verified in the image plane (Figure 1) and in an orthogonal 
plane, with the needle reflection easily visible on metal and ceramic surfaces in both 
smooth and rough regions.  Using the translation stage, each sphere was carefully raised 
to accept the drop by contact adhesion, and then slowly withdrawn to minimize any 
perturbation to the drop.   Black and white BMP images of drop profiles were acquired 
and saved to capture the geometry of the needle and sphere interface and the sessile drops 
on the surface. 
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Image processing was completed using a guided user interface written into a 
custom software program (MatLab, MathWorks, Natick, MA) to aid user identification of 
drop features. Images were calibrated using the known diameter of the solvent needle 
(0.515 mm) to determine pixel dimensions. The program then applied an edge detection 
algorithm to identify the boundary defined by the curved geometry of the sphere and to 
fit a line to the surface curvature. Using this line, the user identified the apex and contact 
points of the drop on the surface.  Finally, the user input the known sphere diameter and 
the program implemented an algorithm based on the θ/2 method50 including mathematical 
corrections to account for the curved surface geometry (Figures 1-2). 
In the first experiment, correct implementation of appropriate mathematical 
corrections necessary for analyzing the curved geometry was verified using the Control 
Spheres. Images of drop profiles were acquired at a single predetermined apex point on 
each sphere and measured using the custom software.  To assess method repeatability, the 
apex point for each Control Sphere was measured in five repetitions. Each sphere was 
removed from the drop shape analyzer between each repetition, re-cleaned and dried, and 
realigned to receive a new to new drop of solvent. In the second experiment, method 
applicability to THR articular bearing materials was assessed for three common femoral 
head materials, including the Co-Cr metal and the forte and delta ceramics. Contact angle 
was measured in the predefined five point grid locations for all test samples, including 
Control Spheres and Femoral Heads. 
Results 
The custom Matlab program and guided user interface successfully implemented 
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the half angle (θ/2) method based on measured drop dimensions49, applying appropriate 
mathematical corrections to account for surface curvature (Figures 1-2).  Image 
calibration was calculated to be 10.7 μm/pixel based on the image size (580 x 780 pixels) 
and the known 0.515 mm outer diameter of the solvent needle.  Without curve correction 
(i.e. assuming the drop is on a flat surface), contact angle measurement erred by 2 to 4, 
with increasing curvature (smaller diameter spheres) leading to larger errors (Table 1).  
The impact of the user interface was assessed by assuming a one pixel inaccuracy in 
identifying the apex and contact points of the drop on the surface, with different errors in 
contact angle associated with different combinations of drop height and length pixel 
(Table 2).  Changing the drop length or drop height measurement by one pixel led to 
~0.4° error and ~0.8° error in the calculated contact angle, respectively.  In the worst case 
scenario, assuming one pixel error in both the drop height and drop length dimensions led 
to ~1.2° error in the calculated contact angle. 
Contact angle measurements were uniform for all diameters in the Control 
Spheres group, verifying correct implementation of the mathematical corrections 
necessary for accurately measuring contact angle on curved surfaces. There were no 
significant differences in average contact angle measured for the four Control Spheres, 
with diameters ranging from 19 mm to 38 mm (ANOVA, p < 0.001). Repeated contact 
angle measurements at the apex of each Control Sphere resulted in standard deviations of 
2º or less (Table 3). The contact angle averaged 84 + 2º when repeated measurements at 
the apex of the Control Spheres were included and 85.1 + 3º when all the five point grid 
measurements were included.  
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The described method proved capable of differentiating the metal and ceramic 
THR articular bearing materials in the Femoral Heads group.  Among the different 
medical grade materials, the Co-Cr metal had a significantly higher contact angle than 
either the forte or delta ceramic materials (ANOVA, p < 0.001). The forte Femoral Head 
had a significantly lower contact angle than either the Co-Cr or delta Femoral Heads 
(ANOVA, p < 0.05), corresponding to the highest wettability. 
Variations in surface roughness were greater for the Control Spheres than the 
Femoral Heads. Average surface roughness was 38 + 13 nm for the Control Spheres 
(Table 3) and 41 + 6 nm for the Femoral Heads (Table 4). There were visible variations 
in surface finish for the non-medical grade Control Spheres, likely contributing to the 
increased variability in the measured contact angles.  Contact angles averaged over the 
five point grid measurements for the Control Spheres had 3º-4º standard deviation (Table 
3) compared to standard deviation of 1º or less for the Femoral Heads group (Table 4).
Thus, variations in surface finish for the non-medical grade material were a likely source 
of error in the measured contact angles of the Control Spheres. 
Discussion 
A technique suitable for measuring contact angle on the articular surfaces of 
spherical surfaces has been developed. The mathematical corrections necessary for 
analyzing the curved geometry was verified using the Control Spheres, with contact angle 
measurements remaining constant across sphere diameters ranging from 19 mm to 38 
mm.  Contact angle measurements were repeatable, especially for the Femoral Heads 
manufactured to medical-grade standards. Among the Femoral Head bearings, both the 
17 
forte and delta ceramic heads had lower contact angles than the Co-Cr metal heads, 
corresponding to better wetting for the ceramic biomaterials. This technique has proven 
useful for characterizing wetting of different biomaterials commonly used as bearing 
materials in THR, including both metal alloys and ceramics. 
The applicability of the half-angle (θ/2) method for measuring contact angles on 
THR articular bearing materials was confirmed for three common femoral head materials, 
including both metal alloys and ceramics.  Contact angle results were within the range of 
previous reports of contact angle measurements on THR bearing materials using water as 
the solvent. Contact angle measurements for 0.25 μl droplets of water have been reported 
at 93 and 75º on unused Co-Cr alloy femoral heads.51 Optical contact angle 
measurements on unused ceramic femoral heads in literature are also similar to our 
results, with a contact angle of 59 reported for both alumina and zirconia.52 The data 
from these reports follow a trend similar to the current study, with lower contact angles 
for ceramic materials compared to Co-Cr alloys (Table 4). Differences between those 
studies[51,52] and the current study may be attributed to inevitable variation in contact 
angle calculation methods and surface/environment conditions such as variations in drop 
volumes, lab temperature, and humidity. Moreover, neither of these previous studies 
reported using curve correcting algorithms or assessing surface roughness. 
The greatest limitation on the accuracy of contact angle measurements is the 
reproducibility of the surface conditions rather than the precision of the technique itself.48 
An artificial limit on contact angle measurement precision is inherently dependent on the 
greatest possible resolution of the goniometer used. Previous studies using the θ/2 
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method with optical contact angle analysis have reported using drop volumes as small as 
.1 μl in order to prevent deviation from spherical geometry.48 In the current study, the 
capability of the automated syringe was limited to a minimal volume of 1 μl. When 
combined with image analysis software, deviations in repeated contact angle 
measurements were limited to 1º to 2º (Table 3) and errors due to misidentification of 
drop features were less than 1.2º (Table 2). 
Understanding the wetting characteristics of articular surface bearing materials, as 
determined through accurate contact angle measurements, provides essential information 
related to fluid film behavior in hard-on-hard bearings. This methodology also provides a 
foundation for investigating the correlation between surface roughness and contact angle. 
THR bearing surfaces can become damaged during in vivo function, and increases in 
localized surface roughness can affect the ability of the solid surfaces to maintain a fluid 
film. The topic of wetting is not only applicable to THR femoral heads, but also to many 
other biomedical devices with curved surfaces such as ocular implants, contact lenses, 
etc. 
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Table 1: Contact angles and errors due to measurements with and without mathematical 
corrections for curved surfaces.   
Control Spheres Group 
Diameter 19.1 mm 25.4 mm 31.8 mm 38.1 mm 
Contact angle (º) without curve correction 93.3 90.4 91.2 88.3 
Contact angle (º) with curve correction  88.9 87.0 88.5 86.0 
Error (Δ º) 4.5 3.4 2.7 2.3 
Table 2:  Error in contact angle measurements due to variations in user selection of drop 
features, assuming one pixel deviation from correct selection (L0, H0) of pixels used to 
calculate the drop height (H) and length (L).  
Pixel selection L0, H0 L+1, H+1 L+1, H-1 L-1, H+1 L-1, H-1 
Contact angle (º) 87.7 88.1 86.5 88.9 87.3 
Error (Δ º) 0 0.4 1.2 1.2 0.4 
Table 3: Surface roughness and contact angles measured (mean ±stdev) repeatedly at the 
apex point and in the predefined five point grid locations for the Control Spheres group. 
Table 4: Surface roughness and contact angles measured (mean±stdev) in the predefined 
five point grid locations for the Femoral Heads group 
Femoral Heads Group 
Material Co-Cr forte delta 
Diameter 28 mm 28 mm 28 mm 
Ra (nm)  45+5 39+6 38+3 
Contact Angle (º) distributed grid points 87±1 62±1 71±1 
Control Spheres Group 
Diameter 19.1 mm 25.4 mm 31.8 mm 38.1 mm 
Ra (nm)  21+1 53+2 35+4 45+8 
Contact Angle (º) APEX points 83±1 84±2 83±2 85±2 
Contact Angle (º) distributed grid points 88±4 86±3 87±4 85±3 
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Figure 1: Images of the 38 mm diameter Control Sphere acquired from the drop 
shape analyzer. A) With needle precisely aligned over the sphere’s apex, edge 
detection algorithms were used to define curved geometry. B) Surface curvature 
outlined to aid user selecting the drop features (apex, contact points. C) Drop 
dimensions (height, length) confirmed.  
Figure 2: A) The θ/2 method can be used to determine the contact angle relative 
to a flat surface. B) The curvature of the surface can be accounted for using a 2D 
correction. 
A. 
𝐻 = 𝐷𝑟𝑜𝑝 𝐻𝑒𝑖𝑔ℎ𝑡 
𝑟 = 𝐷𝑟𝑜𝑝 𝐵𝑎𝑠𝑒 𝑅𝑎𝑑𝑖𝑢𝑠 
𝐻 = 𝑟 tan
𝜃𝐴
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SURFACE ROUGHNESS STUDY 
Introduction 
Identifying wear as the major obstacle for the longevity of conventional THR 
bearing couples, the analysis of surface roughness provides researchers with an important 
comparative tool to differentiate ways in vivo function wears alternative bearing couples 
with ceramic-on-ceramic combinations. Based on clinical assessments of THR wear in 
patients and hip joint wear simulation studies, it is well documented that ceramic-on-
ceramic bearing couples, when functioning properly, offer much lower linear and 
volumetric wear rates over a given loading period than ceramic-on-polyethylene or 
metal-on-polyethylene components in conventional bearing couples.[53,54] However, 
ceramic biomaterials are not immune to the detrimental effects of wear over time, and 
osteolysis is reported in association with excessive wear in earlier-generation alumina 
ceramic THR.[32,55] A phenomenon known as stripe wear has been commonly identified 
on retrieved ceramic THR components,[56-58] and is believed to be a caused by 
microsepartion of the femoral ball from the cup during gait leading to abnormally high 
loading at the point of contact between the cup’s edge and femoral surface.[59-61] This 
abnormal loading, known as edge loading, leaves distinct wear scars on ceramic THR 
explants and literature regarding the categorization and characterization of different kinds 
of these scars is extensive. In this study, the aim to combine qualitative determination of 
wear modes as prescribed by other studies with quantitative measurements of surface 
roughness was intended to better understand how these wear mechanisms impacted 
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BIOLOX forte and delta materials in the in vivo environment at the interfacial level. 
Furthermore, by using a common coordinate system for measurement points between 
heads, observers were able to consider the distribution of roughness and characteristic 
wear modes across the cohort of explants. 
Surface roughness measurements are of great importance to many industries 
outside of orthopedics, and as a result there are many accepted ways to gauge various 
parameters of roughness reported in contemporary literature. The most common surface 
roughness metrics are two dimensional, owing their popularity to the pioneering, stylus-
driven roughness measurement techniques developed in the 1930’s.  Progressive 
refinement of stylus techniques provided for highly accurate surface roughness 
measurements, and today, the most familiar surface roughness metrics used are the 
parameters that were devised to quantify stylus deflection data. Arithmetic average 
roughness (Ra) is one such stylus derived parameter that describes the arithmetic average 
of the absolute values of a given profile’s height deviations from the mean line within an 
evaluation length. Researchers continue to use this metric to specify surface finish for a 
multitude of reasons including how easy it is to measure, its well-established significance 
and understanding in literature, and widely available standards to explain its parameters. 
Another immensely popular roughness metric is the statistically based analog to Ra, the 
root-mean-square roughness (Rq) parameter. Rq is more sensitive to occasional peaks 
and valleys along surface profiles making it a good counterpart to Ra (Figure 3). 
When specifically considering the roughness of explanted bioceramics, Ra and Rq 
are not the only profile driven metrics that should be considered. Najjar et al. studied the 
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relevance of roughness parameters used for characterizing worn, titanium-based femoral 
heads and found that although Ra is the most relevant metric to discriminate lightly 
damaged regions of a femoral head, the average parameter fails to discriminate the wear 
seen in the most damaged regions.62 For severely damaged regions, Najjar et al. found the 
extreme-value parameter of mean peak height (Rpm) to be the most relevant metric for 
region to region discrimination. Rpm is useful for characterizing the regime of peaks, and 
is a useful counterpart to Ra measurements for assessing peaks on a bearing surface, but 
the study by Najjar’s group was based around titanium based femoral heads with much 
lower hardness than either BIOLOX forte or delta materials. Wear on relatively ductile 
metallic materials causes displacement of material and the buildup of asperities,63 lending 
to the utility of Rpm measurements for these types of surfaces (Figure 3,4). 
Since the damage patterns from wear in metals and ceramics differ significantly, 
another roughness metric should be included in the surface characterization study of 
bioceramic explants. High hardness and the brittle behavior of bioceramics, the same 
properties that offer superior wear characteristics, do not allow ceramic surfaces to 
deform ductally like metals or PE materials. Instead, ceramic materials wear by a 
phenomenon known a grain pullout in which the amorphous phase between ceramic 
grains is compromised and whole grains of ceramic are abrasively removed from the 
surface. In theory, this wear mechanism for ceramics should result in the formation of 
valleys instead of asperities. To better discriminate the extent of grain pullout on ceramic 
femoral heads, the average valley depth (Rvm) should additionally be considered (Figure 
3). 
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The purpose of this study was to characterize surface damage on retrieved 
ceramic femoral heads, consisting of either BIOLOX forte or BIOLOX delta materials. 
The retrieval analysis includes a qualitative visual damage mode assessment and non-
contact profilometry to study the surface roughness parameters of Ra, Rq, Rpm, and 
Rvm. It was hypothesized that surface roughness would vary for the different materials as 
a function of in vivo duration, the associated qualitative assessments of damage mode, 
and distribution across each femoral head. 
Materials and Methods 
A group of 28 ceramic femoral heads were obtained on loan from the Concordia 
Joint Replacement Group (Winnipeg, Canada) as part of an implant retrieval analysis 
program that has been approved by an institutional review board. From this group, 21 
alumina heads and 7 zirconia toughened alumina heads were selected for this study 
(Figure 5). All femoral heads were from ceramic-on-ceramic articulations and 
manufactured by BIOLOX (CeramTec AG, Plochingen, Germany) with the trade names 
forte and delta alumina and zirconia toughened alumina respectively. Immediately prior 
to explantation, all femoral heads were soaked in a 10% formalin solution for at least 24 
hours, followed by gentle cleaning with a soft-bristled brush and a mild detergent 
(Liquinox, Sigma-Aldrich Ltd., Oakville, ON). The heads were then rinsed in methyl 
alcohol, air dried, and wrapped in gauze for protection following standard operating 
procedures for the implant retrieval program. Two unused 28 mm diameter heads, one 
BIOLOX forte and one delta were also obtained as control heads for this study. 
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Patient demographics and related surgical information were extracted from 
available medical records. The 28 heads were explanted from 16 women and 12 men with 
an average body mass index (BMI) of 32.5 ± 2.9 kg/m2 and an average age of 55.5 ± 2.9 
years at the time of revision surgery. Duration of function averages 3.7 ± 1.1 years. 
Reasons for revision included infection (n = 7; 25%), instability (n = 4; 14%), aseptic 
loosening (n = 3; 11%), acetabular liner fracture (n = 3; 11%), squeaking followed by 
pain (n = 3; 11%), periprosthetic fracture (n = 1; 4%), and femoral neck impingement 
with metallosis (n = 1; 4%). Reasons for revision and duration of function were not 
available for three of the seven BIOLOX delta heads included in this study. Head 
diameters in this cohort were 28 mm (n = 3; 11%), 32 mm (n = 9; 32%), and 36 mm (n = 
16; 57%) (Table 5). 
The distribution of surface features was characterized within a grid of 33 
measurement points defined for each head.  A customized, dual-axis fixture was used to 
orient the heads for consistent location of the measurement points between analyses. The 
fixture allowed for the demarcation of a spherical coordinate system (Figure 6) consisting 
of five circumferential latitudes (APEX, A, B, C, and D) defined along the femoral neck 
axis from the apex to the head rim and 8 polar longitudes (1-8) [ASTM F2033]. It should 
be noted that the anatomical orientation of the femoral heads were not known, therefore 
all assessments were made relative to  a point on the non-bearing distal rim surface of 
each head to act as an origin for the assigned coordinate system. Each zone of each head 
was first visually assessed using a reflective light optical microscope at 12-25x 
magnification (Model K400P, Motic Inc. Xiamen, China) to discern the surface damage 
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modes. One of six primary damage designations was assigned to each coordinate zone, 
based on its visual appearance and known damage mechanisms defined previously.[4,29,56] 
Sub-categories were used to differentiate between optical differences in several of the 
primary damage designations. “No visible wear” was used to describe zones with 
polished, mirror like surfaces with no discoloration. There were no sub-categories for the 
primary damage designation of “no visible wear.” Zones with a loss of mirror finish and 
evidence of grain pullout in characteristic elliptical patterns were given a primary damage 
designation of “Stripe Wear,” and could be further designated into one of two sub-
categories, having either “gross” or “transition” stripe wear, where the transition 
designation was used to indicate that the zone was at the boundary of a characteristic 
stripe wear scar and undamaged surface. Zones with a loss of mirror finish and evidence 
of individual pits or scratches were given primary damage designations of either “Pits” or 
“Scratches”, respectively. Zones with primary damage designations of “Pits” or 
“Scratches” could also be further differentiated with “gross” or “minor” sub-category 
designations. Zones exhibiting darkened surfaces, reflective discoloration, and evidence 
of material buildup were given the primary wear designation of “Metal Transfer” (Table 
6). Metal Transfer wear was evident on 24 of the 28 heads (85.7%) and several sub-
category designations that were generally descriptive of the visual intensity of the metal 
transfer were accounted for during the optical assessment. These sub-category 
designations for metal transfer wear included “Speckled” where adhered metal was  
spotty and discontinuous in the optical assessment zone, “Combination” where metal 
transfer was identified by metallic discoloration on top of stripe wear, “Isolated” where 
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metal transfer was evident as individual marks overlapping the assessment zone, “Linear” 
where bold metallic single lines or stripes were identified (typical of 
relocation/dislocation during surgery 4), “Multi-directional” where metal transfer was 
present in bold patches with multidirectional wear (typical of dislocated hips 56), and 
“Diffuse” where adhered metal appeared to be smeared over a large area causing light 
gray discoloration. Finally, the primary damage designation of “Artifact” was used for 
zones where there was optically observable evidence of adhered biologic debris or 
damage from surgical tools (characterized by highly reflective isolated lines of metal 
scars 4). 
Regions with biological debris or gouges from surgical instruments, typically 
visualized in the D zone where instruments make contact with the head during revision 
surgery, were identified as “Artifacts” and excluded from comparative analysis.  Primary 
damage mode frequency was calculated as the percentage of heads having at least one 
zone exhibiting a given damage mode. Damage mode distribution was calculated as the 
percentage of zones with a given damage mode for the 33 zones per head and then 
averaged for the entire cohort (n=28). 
Measurements of surface roughness were completed at each zone on each head 
using a non-contact, optical profilometer (NPFLEX, Bruker Corp., Tucson, AZ) with a 
10X objective lens providing ~20-25X magnification, providing a field of view of 
736x480 um with a resolution of +/- 1 nm. The profilometry software provided by Bruker 
was used to process each surface scan with a Gaussian regression filter and a second-
order polynomial surface fitting to remove the spherical form of each head (Figure 7).  
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Immediately prior to profilometry, each femoral head was gently cleaned in ethanol and 
allowed to air dry to remove any possible contamination from storage or the damage 
assessment process. The instrument was calibrated before being used on each head using 
a step height standard (9.796 microns, Wyko). One measurement was taken in each of the 
33 zones on each head from the explanted group. Five measurements were taken at the 
APEX on each control head for roughness data on pristine, never implanted BIOLOX 
forte and delta surfaces. Roughness measurements of Ra, Rp, Rpm, and Rvm were 
recorded for each zone, along with other surface parameters that will be discussed further 
in Chapter V. 
Results 
All of the explanted femoral heads included in this study had at least one zone 
determined to be damaged by stripe or metal transfer from the optical assessment of wear 
(APPENDIX A). From the forte heads group, more heads were determined to have at 
least one zone with some kind of surface damage (n=363, 60.3 %) than there were heads 
with no zones containing visible damage (n=239, 39.7 %). This was not the case with the 
delta heads group, where more zones were determined to be undamaged (n=200, 88.1 %) 
than exhibiting some kind of damage (n=27, 11.9 %). The most common primary 
designations of surface damage observed on the forte heads were pits (n=132, 21.9 %) 
followed by stripe wear (n=89, 14.8 %), whereas the most common damage modes 
observed on the delta heads was metal transfer (n=11, 4.8 %) (Figure 8). 
The five roughness measurements made on each control femoral head proved to 
be highly repeatable for both forte and delta materials. The arithmetic average roughness 
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measurements on the unused forte and delta materials were similar (RaforteCONTROL = 39 ± 
3 nm, RadeltaCONTROL = 38 ± 1 nm) (Table 8, Table 9). Surprisingly, the arithmetic average 
roughness was lower on explanted heads than the control heads in zones with no visible 
damage (Raundamaged = 14 ± 1 nm), pits (Rapits = 35 ± 4 nm), and scratches (Rascratches = 19 
± 2 nm) (Figure 11). 
Looking at the entire cohort of explants, zones exhibiting stripe wear and metal 
transfer damage had much greater average peak and valley depths than zones with no 
visible damage, pits, or scratches (Figure 9) (Table 7). The average peak height was 
greater in zones with metal transfer (Rpmmetaltrans= 1233 ± 121 nm) than in zones with 
stripe wear (Rpmstripe=1089 ± 65 nm) while the average valley depth was greater in zones 
with stripe wear (Rvmstripe=-2686 ± 230 nm) than in zones with metal transfer 
(Rvmmetaltrans= -2396 ± 301 nm) (Table 7). The average roughness in zones with no 
visible damage (Raundamaged=14 ± 1 nm, Rqundamaged=19 ± 1 nm) had low variance and was 
significantly lower than the average roughness in zones with any damage mode (p < 
0.001 for each comparison, Student’s t-tests). Zones with pits or scratches had similar 
roughness measurements with Rapits = 35 ± 4 nm and Rascratches = 19 ± 2 nm respectively, 
however zones identified with pits had a greater average valley depth (Rvmpits =  -720 ± 
70 nm) than zones with scratches (Rvmscratches = -441 ± 60 nm). The largest variances in 
surface roughness were associated with zones exhibiting stripe or metal transfer wear. To 
better differentiate roughness measurements in zones with metal transfer, measurements 
of Ra, Rq, Rpm, and Rvm were sorted by metal transfer subcategories, revealing that the 
average peak and valley heights were greatest in zones with a combination of metal 
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transfer and other damage modes (RpmMT-COMBO = 1705 ± 229 nm, RvmMT-COMBO = -3865 
± 585 nm) (Figure 10) (Table 7). Other zones exhibiting isolated and speckled sub-
categories of metal transfer had much lower average roughness measurements associated 
with them (Figure 10) (Table 7). 
Considering average roughness across all 33 zones on each head as a function of 
in vivo duration, there is no clear trend of roughening associated with longer implantation 
periods (Figure 12). From a materials perspective, the 4th generation BIOLOX delta 
heads had much lower average roughness measurements than the BIOLOX forte heads 
(Figure 11) (Table 7). When average roughness per zone is sorted by latitude, zones from 
the superior surfaces of the explanted forte heads (zones above the head equator, 
including the apex and latitudes A and B) exhibit a greater degree of roughening that 
zones from the distal portion of the heads (zones below the equator, including latitudes C 
and D) (Figure 13). 
Discussion 
Existing literature on the roughness of ceramic femoral heads report similar 
values for new, never implanted forte and delta femoral heads, both with Rq < 0.1 um.4 
Brandt et al. also reported average roughness values on the surfaces of forte and delta 
explants with similar implantation periods to be within a range consistent with this study, 
between 0.1 um and 0.7 um.4  Clinical data compared to roughness indicates that 
implantation period had little to do with the degree of roughening. This finding makes 
sense in the established concept that ceramic-on-ceramic articulations wear slowly when 
functioning properly. These ceramic femoral heads were retrieved for a multitude of 
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reasons, but the distribution of roughness and damage classification data on each head 
indicates that surface wear happens relatively locally on each head in qualitatively 
determinable wear scars. 
Comparing measurements of average roughness to damage modes can only tell us 
so much about the wear mechanisms at play on these explants. Without SEM images of 
characteristic surface damage, the morphology of these surfaces must be interpolated 
from the interferometry data. The dramatic changes in average roughness between 
undamaged zones and zones with either stripe wear or metal transfer were expected and 
straightforward, but the differences in average Rvm and Rpm values between damaged 
and undamaged zones can be used to illustrate key topographical differences that would 
impact the bearing performance of these ceramic THR components. 
Wear in the case of metal transfer is an additive process, whereas stripe wear 
removes material from a ceramics surface. This understanding of these wear mechanisms 
is supported by the data that shows greater average Rvm in zones with stripe wear and 
greater Rpm in zones with metal transfer. Figure 14 shows surface profiles taken from 
three BIOLOX forte surfaces determined to have no damage, stripe wear damage, or 
metal transfer damage. The profiles of the surfaces damaged by stripe wear and metal 
transfer are clearly rougher than the undamaged surface profile. However the surface 
damaged by metal transfer has a characteristically positive skew to its surface, indicating 
buildup and the formation of asperities. The surface damaged by stripe wear has a 
negative surface skew, characterized by intermittent valleys that extend considerably 
below its mean profile 
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Table 5. Implantation periods and revision characteristics for individual femoral heads 
Accession Number Material Head Diameter Implantation Period (yrs) Cause of Revision 
H2001 Forte 32 mm 0.77 instability due to malposition 
H2003 Forte 36 mm 2.15 infection 
H2005 Forte 36 mm 0.2 infection 
H2007 Forte 32 mm 0.41 periprosthetic fracture 
H2011 Delta 36 mm 0.12 infection 
H2012 Forte 28 mm 6.06 aseptic loosening 
H2019 Forte 32 mm 1.3 acetabular liner fracture 
H2023 Forte 32 mm 3.24 infection 
H2024 Forte 28 mm 7.24 sqeaking followed by pain 
H2026 Delta 36 mm 0.22 dislocation 
H2031 Forte 36 mm 5.62 sqeaking followed by pain 
H2035 Forte 32 mm 7.32 infection 
H2004 Forte 36 mm 7.17 instability due to malposition 
H2006 Forte 36 mm 4.53 aseptic loosening 
H2009 Forte 32 mm 5.38 acetabular liner fracture 
H2014 Forte 36 mm 8.67 cup dislodgement 
H2015 Forte 36 mm 7.72 infection 
H2018 Forte 36 mm 10.87 neck impingement with metallosis 
H2020 Forte 36 mm 4.84 acetabular liner fracture 
H2025 Delta 36 mm 0.08 infection 
H2027 Forte 36 mm 6.88 instability due to malposition 
H2029 Forte 32 mm 8.54 aseptic loosening 
H2030 Delta 36 mm 5.05 infection 
H2032 Forte 32 mm 9.63 sqeaking followed by pain 
H2034 Forte 28mm 5.05 instability due to malposition 
H2039 Delta 36 mm - - 
H2040 Delta 32 mm - - 
H2042 Delta 36 mm - - 
33 
Table 6. Descriptions of metal transfer sub-categories used during optical 
assessment[4,29,56]
Metal Transfer Sub-Categories Description 
Speckled Adhered metal was  spotty and discontinuous  
Combination Metallic discoloration on top of stripe wear 
Isolated Metal transfer was evident as small, individual marks 
Linear Bold metallic single lines or stripes were identified  
Multi-Directional Metal transfer was present in bold patches with multidirectional wear
Diffuse Adhered metal appeared to be smeared over a large area causing light gray discoloration 
Table 7. Average roughness measurements on entire cohort of explanted heads. The ± 





ALL Explanted Heads 
n Ra [nm] Rq [nm] Rpm [nm] Rvm [nm] 
NO VISIBLE WEAR No Damage 493 14 ± 1 19 ± 1 173 ± 11 -170 ± 17 
METAL 
TRANSFER 
MT - BOLD MULTI DIR 15 219 ± 39 299 ± 51 1469 ± 243 -1826 ± 299 
MT - COMBO 41 278 ± 50 390 ± 67 1706 ± 230 -3866 ± 586 
MT - DIFFUSE 13 127 ± 32 196 ± 42 1188 ± 128 -2413 ± 533 
MT - ISOLATED 8 39 ± 11 65 ± 19 590 ± 143 -680 ± 210 
MT - LINEAR 8 36 ± 14 55 ± 24 427 ± 127 -631 ± 318 
MT - SPECKLED 11 12 ± 2 17 ± 3 260 ± 39 -208 ± 44 
MT - ANY 96 178 ± 25 252 ± 34 1233 ± 121 -2396 ± 302 
STRIPE WEAR 
SW - GROSS 88 160 ± 12 229 ± 17 1103 ± 68 -2769 ± 242 
SW - TRANSITION 6 88 ± 25 127 ± 35 884 ± 131 -1459 ± 419 
SW - ANY 94 155 ± 11 223 ± 16 1089 ± 65 -2686 ± 230 
PITS 
Pits 72 39 ± 5 62 ± 7 587 ± 47 -846 ± 93 
MINOR Pits 64 31 ± 6 46 ± 8 462 ± 65 -578 ± 95 
Pits - ANY 136 35 ± 4 55 ± 6 528 ± 43 -720 ± 71 
SCRATCHES 
Scratches 37 24 ± 3 41 ± 7 480 ± 56 -501 ± 79 
MINOR Scratches 27 14 ± 2 24 ± 4 330 ± 55 -359 ± 93 
Scratches - ANY 64 20 ± 2 34 ± 4 417 ± 40 -441 ± 60 
ARTIFACT 
BIO DEBRIS 11 - - - - 
TOOL DAMAGE 9 - - - - 
Artifact - ANY 20 - - - - 
TOTAL 883 53 ± 4 76 ± 5 472 ± 22 -810 ± 55 
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Table 8. Average roughness measurements on forte femoral heads. The ± values 





BIOLOX forte Heads 
n Ra [nm] Rq [nm] Rpm [nm] Rvm [nm] 
CONTROL Pristine 5 39 ± 3 - - - 
NO VISIBLE WEAR No Damage 239 15 ± 2 21 ± 2 233 ± 17 -228 ± 29 
METAL 
TRANSFER 
MT - BOLD MULTI DIR 6 278 ± 72 380 ± 96 1868 ± 490 -2287 ± 590 
MT - COMBO 41 278 ± 50 390 ± 67 1706 ± 230 -3866 ± 586 
MT - DIFFUSE 13 127 ± 32 196 ± 42 1188 ± 128 -2413 ± 533 
MT - ISOLATED 6 45 ± 14 75 ± 25 632 ± 186 -780 ± 266 
MT - LINEAR 8 36 ± 14 55 ± 24 427 ± 127 -631 ± 318 
MT - SPECKLED 11 12 ± 2 17 ± 3 260 ± 39 -208 ± 44 
MT - ANY 85 181 ± 28 258 ± 38 1255 ± 134 -2536 ± 336 
STRIPE WEAR 
SW - GROSS 84 166 ± 12 239 ± 17 1149 ± 68 -2895 ± 245 
SW - TRANSITION 5 98 ± 29 239 ± 71 1148 ± 275 -2838 ± 1033 
SW - ANY 89 163 ± 11 234 ± 17 1137 ± 64 -2824 ± 234 
PITS 
Pits 71 39 ± 5 63 ± 7 591 ± 48 -855 ± 93 
MINOR Pits 61 32 ± 7 48 ± 10 481 ± 76 -604 ± 110 
Pits - ANY 132 36 ± 4 56 ± 6 540 ± 44 -739 ± 72 
SCRATCHES 
Scratches 32 22 ± 4 38 ± 7 462 ± 56 -456 ± 78 
MINOR Scratches 25 14 ± 2 24 ± 4 345 ± 59 -380 ± 100 
Scratches - ANY 57 19 ± 2 32 ± 4 411 ± 41 -423 ± 62 
ARTIFACT 
BIO DEBRIS 7 - - - - 
TOOL DAMAGE 9 - - - - 
Artifact - Any 16 - - - - 
TOTAL forte Explants 602 63 ± 5 91 ± 7 577 ± 28 -1027 ± 71 
Table 9. Average roughness measurements on delta femoral heads. The ± values 





BIOLOX delta Heads 
n Ra [nm] Rq [nm] Rpm [nm] Rvm [nm] 
CONTROL Pristine 5 38 ± 1 - - - 
NO VISIBLE WEAR No Damage 200 13 ± 2 17 ± 2 86 ± 11 -84 ± 15 
METAL 
TRANSFER 
MT - BOLD MULTI DIR 9 179 ± 44 245 ± 55 1202 ± 222 -1520 ± 294 
MT - COMBO 0 - - - - 
MT - DIFFUSE 0 - - - - 
MT - ISOLATED 2 22 ± 6 35 ± 11 465 ± 171 -379 ± 222 
MT - LINEAR 0 - - - - 
MT - SPECKLED 0 - - - - 
MT - ANY 11 151 ± 40 207 ± 51 1068 ± 202 -1312 ± 277 
STRIPE WEAR 
SW - GROSS 4 18 ± 8 24 ± 12 150 ± 81 -130 ± 72 
SW - TRANSITION 1 37 ± 0 55 ± 0 590 ± 0 -634 ± 0 
SW - ANY 5 22 ± 7 31 ± 11 238 ± 108 -231 ± 115 
PITS 
Pits 1 19 ± 0 27 ± 0 320 ± 0 -193 ± 0 
MINOR Pits 3 11 ± 1 14 ± 1 70 ± 15 -61 ± 6 
Pits - ANY 4 13 ± 2 17 ± 3 132 ± 63 -94 ± 33 
SCRATCHES 
Scratches 5 35 ± 12 61 ± 21 595 ± 212 -788 ± 299 
MINOR Scratches 2 12 ± 1 16 ± 1 149 ± 60 -97 ± 26 
Scratches - ANY 7 29 ± 9 48 ± 17 468 ± 168 -591 ± 243 
ARTIFACT 
BIO DEBRIS 4 - - - - 
TOOL DAMAGE 0 - - - - 
Artifact - Any 4 - - - - 




































Figure 3. Equations for average profile measurement calculation;  A) Arithmetic average 
roughness, B) Root mean square roughness C) Mean peak height D) Mean valley depth 
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Figure 4. Representative wear scratch profiles on ceramic and metallic femoral head 
materials. 
Figure 5. Examples of the two material types studied: A) Retrieved Biolox® forte (Case 
#H2001) and B) Biolox® delta (Case #H2039) femoral heads 
Figure 6. A) Dual-axis jig used to orient femoral heads for accurate navigation to 
measurement points. B) Side-view of femoral of coordinate system showing the local 
position of the APEX zone and latitudes A, B, C, and D, determined by 30 degree 
increments from the z axis of each head. C) Transverse-view showing the eight polar 
longitudes (1-8), determined by 45 degree increments in a clockwise direction from the 
head origin (located at the distal rim, along longitude 1) 
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Figure 7. Example of filtering for profilometry data. A) Visualization of raw, unfiltered 
data for a zone on a femoral head (Head # H2029, Zone C2) B) Residual data file from 
the same zone, obtained after removing the spherical form using the built in profilometry 
analysis software. 
Figure 8. Damage mode freqency on retrieved femoral heads identified using optical 
microscopy. A) Frequency of primary damage modes within the entire cohort of retrieved 
heads. B) Frequency of sub-category desgnations on heads with metal transfer primary 
damage. 
38 
Figure 9. Roughness measurements for all heads sorted by primary damage modes from 
optical assessment. Error bars indicate 95% CI. Rvm values are intrinsically negative, but 
are represented here as absolute values. 
Figure 10. Roughness measurements for all heads on zones identified with metal transfer 





























































Figure 11. Roughness measurements per zone, sorted by head material and three primary 
damage modes: No Visible Damage, Stripe Wear, and Metal Transfer. Error bars indicate 
95% CI.  





























































Forte Heads Delta Heads
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Figure 13. Average roughness (Ra) per latitude across all explants for forte and delta 
materials. 
Figure 14. Surface profiles taken from BIOLOX forte surfaces, illustrating topographical 
















































Scan Length (300 um)
No Damage Stripe Wear Metal Transfer
41 
CHAPTER FOUR 
CONTACT ANGLE STUDY 
Introduction 
Wetting behavior has captivated scientific minds for centuries, [Galileo, G. 
Bodies that Stay atop Water, or Move in it (1612); Franklin, B. “Of the Stilling of Waves 
by means of Oil.” Philosphical Transactions (1774)] yet the complexity of the subject 
continues to attract fervent interest from contemporary research communities. The 
wettability of a surface describes the ability of that surface to be wet by a particular liquid 
in a given fluid environment (either an immiscible liquid or vapor). While the concept of 
wetting behavior seems straight forward, the observable wettability of a given material is 
actually dependent on a confounding combination of adhesive and cohesive forces 
between the liquid, solid, and surrounding fluid components of the system, making it a 
powerful tool for characterizing an interface if wielded correctly. 
When considering bearing materials commonly used in THR, increased 
wettability often is cited as having advantageous benefits for bearing tribology, 
particularly for hard-on-hard bearings of metal-on-metal or ceramic-on-ceramic. Studies 
of wettability have been used to describe important interfacial characteristics of 
bioceramic bearing materials for THR.[51,52] The superior hydrophilicity of ceramic 
materials permit better wettability with polar solvents (i.e. synovial fluid) than metal or 
UHMWPE materials. It can therefore be theorized that bioceramics can provide better 
distribution of synovial fluid (a polar solvent) in fluid-film lubrication over a given 
bearing surface area.52 While the better wettability of ceramic bearing materials results in 
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a slightly thinner fluid-film layer formation than in bearings with less wettable materials, 
they are compensated by the reduced size of asperities on their surfaces resulting in an 
overall reduced coefficient of friction.68 
Wettability can be empirically quantified using by measuring the contact angle 
small droplets make with a surface and relating those values using the Young-Laplace 
equation. When a small enough liquid droplet is deposited on a rigid substrate, gravity 
plays a negligible role in shaping its profile. Rather, the droplet will assume an 
equilibrium shape, controlled by the pressure generated by the curvature of the liquid 
surface and interfacial energies between the liquid, solid, and surrounding fluid. 
Macroscopically, the drop must assume the shape of a spherical cap to satisfy the Laplace 
law of capillarity which states the dependence of the hydrostatic pressure drop at the 
boundary between two immiscible material phases on the surface tension of the of the 
interface and the curvature of the surface at a given point.[69,70] Essentially, a droplet 
sitting in equilibrium meets the substrate forming a liquid wedge with an angle of 
opening defined by the dimensions of the spherical cap. This angle of opening is called 
the contact angle and can be used to quantify wettability, knowing that for a given system 
of a solid substrate, liquid solvent, and fluid environment, at a given ambient temperature 
and pressure, there exists a unique equilibrium contact angle. Wettability can be 
represented as a function of interfacial energies or contact angle, which is easier to assess 
empirically. Large contact angles (greater than 90°) indicate a non-wetting surface, while 
small contact angles indicate that a surface is wettable by a particular solvent. 
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In practice, wettability is evaluated using contact angle theory as a consideration 
of thermodynamic equilibrium for interfacial tensions, described in the Young-Laplace 
equation.[71,72] The Young-Laplace equation relates three interfacial surface tension 
values with the contact angle using a force balance along the direction of the substrate; 
For a droplet in equilibrium, the interfacial tension between the solid substrate and 
surrounding fluid [𝛾𝑆𝐹] must be equal to the interfacial tension between the substrate and 
liquid solvent [𝛾𝑆𝐿] plus the interfacial energy between the solvent and surrounding fluid 
[𝛾𝐿𝐹] (also known as surface tension) multiplied by the cosine of the contact angle [𝜃𝐶] 
(Figure 15).72
The Young-Laplace equation, however, assumes that the surface being evaluated 
is both chemically and topographically homogenous. For real engineering surfaces, as is 
the case for explanted femoral heads, the surfaces are not necessarily homogenous due to 
third-body debris accumulation on the surface and wear mechanisms occurring during in 
vivo function. The optical assessment, detailed in study III, revealed that the explanted 
femoral heads used in this study exhibited chemical inhomogeneity in zones with adhered 
metal transfer. The roughness study showed a huge variance in surface topography across 
the head surfaces as well. In this chapter, variations in surface topography, chemical 
surface defects, and their potential impact on the local wetting behaviors from zone to 
zone are considered. 
The objective of the present study was to assess the wetting behaviors on 
explanted alumina and zirconia toughened alumina femoral heads with various 
𝛾𝑆𝐹 = 𝛾𝑆𝐿 + 𝛾𝐿𝐹 cos 𝜃𝐶
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magnitudes of surface degradation and damage. Recognizing that superior wettability is a 
key characteristic of bioceramic bearing materials,68 this study aims to characterize 
wetting as a function of ceramic material and surface roughness to better understand this 
important surface characteristic may be altered by in vivo function of contemporary 
ceramics in THR. The data reported in this study are presented as measures of contact 
angles, corrected for curvature (as described in Chapter II), damage mode and surface 
roughness for the explanted ceramic (BIOLOX forte and delta) femoral head materials 
(described in Chapter III). Two hypotheses were explored. First, it was hypothesized that 
the femoral heads fabricated from forte materials would have a lower contact angle than 
heads fabricated from the delta materials. Second, it was hypothesized that regions on the 
explanted femoral heads with different damage modes and different magnitudes of 
surface roughness would have altered contact angles relative to unworn zones and 
relative to unused control heads of the same materials.  
Materials and Methods 
A group of 28 explanted femoral heads were acquired, including 21 BIOLOX 
forte alumina heads and seven BIOLOX delta zirconia toughened alumina heads 
(described in Chapter III). Following the qualitative optical assessment and surface 
roughness analysis of each head (as described in Chapter III), ten zones with the highest 
average roughness (Ra) and two zones with the lowest average roughness were identified 
from each femoral head for contact angle analysis. This selection criteria was used in the 
interest of time, as contact angle analysis proved to be a lengthy procedure and the 
sample set of explanted heads was available on loan for a finite period of time. Contact 
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angle was measured in these identified zones (n = 1 measurement per zone) using the 
previously developed methodology (described in Chapter II). Using the previously 
developed coordinate system, each contact angle measurement was made on the same 
surface location from which roughness measurements were made. On each control head, 
five contact angle measurements were made at the APEX in addition to five contact angle 
measurements made at distributed zones to assess wettability of pristine, never implanted 
BIOLOX forte and delta surfaces. 
Only 285 of the 336 contact measurements made were used in this study; 48 of 
the sessile drop images could not be accurately processed by the developed software due 
to out-of-roundness droplets, a setback that was encountered after the explanted heads 
had been returned at the end of their loan (Figure 16). Four additional contact angle 
measurements had to be excluded as they were errantly made on zones with biologic 
debris artifacts, rendering them useless for the study of the bioceramic materials featured 
in this study. 
Results 
The first hypothesis explored was whether or not head material was a factor in the 
contact angle variation. The average contact angles for the control femoral heads were 
significantly different (t-test, p < 0.001) with a greater average contact angle on the delta 
material (72.4 ± 0.8°) than the forte material (62.4 ± 0.4°) (Figure 18). This difference in 
materials is similar to values reported in literature with expected contact angles for ZTA 
(65°) larger than expected contact angles for alumina (59°).52 However, head material 
was determined to not be a factor in the contact angle variation of the explanted heads (p 
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= 0.387, ANOVA), with no significant differences in the average contact angles for the 
explanted forte and delta materials (p = 0.542, Student’s t-test) When data from all 
regions per head were combined, contact angle averaged 59.5 ± 15° (range, 25.5° to 
86.1°) and 57.7 ± 11° (range, 36.1° to 84.0°) for the  forte heads and delta heads, 
respectively (Table 10, 11) (Figure 17). 
Damage mode was a significant factor in the contact angle variation, with 
significantly different average contact angles for zones with no visible damage, stripe 
damage, and metal transfer for both forte (p < 0.001, ANOVA) and delta (p < 0.001, 
ANOVA) materials (Figure 17). The average contact angle was lowest in zones with no 
damage for both materials (forte explants: 45.1°; delta explants: 54.0°). Average contact 
angle on forte heads was highest in zones exhibiting stripe wear (forte explants: 70.9°; 
delta explants: 64.9°) whereas average contact angle on delta heads was highest in zones 
exhibiting metal transfer (delta explants: 71.0°; forte explants: 63.8°). Among the forte 
heads, average contact angle was significantly greater in zones with stripe wear compared 
to zones with metal transfer (p < 0.001) and average contact angle was significantly 
greater in zones with metal transfer compared to undamaged zones (p<0.001). Among 
delta heads, average contact angle was significantly greater in zones with metal transfer 
compared to zones with no damage (p < 0.001) but not zones with stripe wear (p = 
0.105). Average contact angle in zones with stripe wear on delta heads was not 
significantly different from undamaged zones (p = 0.351). 
When the contact angle data is projected against the corresponding roughness data 
per zone, the general trend in the cloud of points indicates that the measured contact 
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angle was larger in zones with greater average roughness parameters (Figure 19). In 
zones with low average roughness metrics, the corresponding measured contact angles 
had a large variance (~25°- 75°). However, in zones with relatively high roughness (Ra > 
200 nm, Rq > 400 nm, Rpm > 1500, and Rvm < -4000 nm), measures of contact angle 
were confined to higher range with a smaller variance (~70°-90). 
Discussion 
This study characterized wetting as a function of material type, damage mode, and 
surface roughness for two contemporary bioceramic materials commonly used in THR.  
Unlike the unused control heads and contrary to the first hypothesis, wetting behavior did 
not differ for the explanted forte heads and delta heads.  Contact angles, which were 
averaged over 12 regions per head were similar for the femoral heads fabricated from 
forte and delta materials. However, contact varied widely for both materials due to the 
inhomogenous surfaces after in vivo function, as characterized by the distributed zones 
having different damage modes and surface roughness magnitudes. Damage mode and 
the corresponding surface roughness were significant factors affecting the measured 
contact angle. Zones on retrieved heads with any type of metal transfer can be 
immediately identified as surfaces with some degree of chemical inhomogeneity, 
meaning that the droplet profiles (and their contact angles) in these zones were being 
affected by any adhered metal (with a different interfacial surface tension than 
bioceramcs) in contact with the drop. In zones with no visible damage, surfaces on both 
forte and delta explants were found to have a lower contact angle than their respective 
control heads. However, the average measured contact angles on the control head 
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materials are within expected ranges provided by other researchers.52 This finding 
indicates that the apparent wettability in these zones actually increased as a result of 
surface modifications provided by either: the physiological conditions during 
implantation, or the external environments that the retrievals encountered during retrieval 
and handling afterwards. Interestingly, zones with no visible damage had lower average 
roughness parameters than the control heads as well. This decrease in roughness could 
potentially be attributed to polishing from in vivo loading, but the mechanism by which 
polishing would result in increased wettability of bioceramic surfaces is unclear from this 
analysis alone, as there was a large variance in measured contact angle on zones with low 
roughness parameters. Furthermore, both the forte and delta explants had zones that were 
highly wettable (contact angle < 45°) as well as zones that were uncharacteristically less 
wettable for ceramics (contact angle > 70°) thus resulting in a large variance in contact 
angle measurements. 
Considering wettability as a function of contact angle, there exists a need to 
describe why such large variations were observed in this study. In theory, the greatest 
factor contributing to the variance observed in this study would therefore be variations in 
the surface roughness and chemical homogeneity from zone to zone on each material. 
Aside from adhered metal transfer, chemical inhomogeneity was originally ruled out as a 
major contributor to variance as each head was thoroughly cleaned prior contact angle 
measurements. However, without a study using electron spectroscopy for chemical 
analysis, undetected chemical surface modifications must be considered. Despite the 
widely heralded chemical inertness of alumina oxide ceramics, researchers have 
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demonstrated that the surface charge (and presumably the interfacial energy) of these 
materials can be considerably altered in the presence of carboxyl groups. 73 
Unfortunately, identifying and quantifying chemical surface modifications of this nature 
are research topics outside the scope of this thesis, but there are ample data to investigate 
the relationship between roughness and observed wetting behavior further. In regions of 
low roughness on explanted femoral heads, with only minor disruptions to the polished 
surface finish, wettability was increased compared to Control Heads. However, in regions 
of high average roughness, wettability was decreased compared to Control Heads. These 
trends will be analyzed in Chapter V using classic and contemporary theories that aim to 
describe the role of surface topography in wetting behavior. 
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Table 10. Measured contact angle data on forte femoral heads with corresponding 
average roughness values per zone. 
Table 11. Measured contact angle data on delta femoral heads with corresponding 





forte Femoral  Heads 
n 
Measured 
Contact Angle Ra [nm] Rq [nm] Rpm [nm] Rvm [nm] 
CONTROL Pristine 10 62.3 ± 0.4 39 ± 2 - - - 
NO VISIBLE WEAR No Damage 37 45.1 ± 1.3 13 ± 2 19 ± 2.5 266 ± 31 -246 ± 39 
METAL 
TRANSFER 
MT - BOLD MULTI DIR 4 67.4 ± 12.4 308 ± 104 420 ± 142 2126 ± 721 -2461 ± 909.1 
MT - COMBO 38 72.2 ± 1.2 283 ± 42 399 ± 58 1842 ± 225 -4156 ± 537.9 
MT - DIFFUSE 7 64.8 ± 2.4 211 ± 32 310 ± 42 1916 ± 447 -3439 ± 741.6 
MT - ISOLATED 2 45.5 ± 0.5 39 ± 27 74 ± 57 632 ± 426 -829 ± 681.9 
MT - LINEAR 7 54.9 ± 4.9 116 ± 34 168 ± 48 848 ± 193 -1724 ± 543.9 
MT - SPECKLED 11 47.8 ± 2.0 10 ± 0 16 ± 1 265 ± 37 -199 ± 40.5 
MT - ANY 69 63.8 ± 1.6 206 ± 28 293 ± 38 1457 ± 157 -2968 ± 362 
STRIPE WEAR 
SW - GROSS 64 70.9 ± 1.2 197 ± 23 280 ± 31 1289 ± 84 -3351 ± 329.9 
SW - TRANSITION 0 - - - - - 
SW - ANY 64 70.9 ± 1.2 197 ± 23 280 ± 31 1289 ± 84 -3351 ± 330 
PITS 
Pits 28 55.3 ± 1.5 61 ± 9 97 ± 13 742 ± 70 -1370 ± 154.7 
MINOR Pits 7 38.1 ± 2.4 11 ± 1 16 ± 1 296 ± 40 -256 ± 42.3 
Pits - ANY 35 51.9 ± 1.7 51 ± 8 81 ± 12 653 ± 64 -11467 ± 145 
SCRATCHES 
Scratches 12 43.0 ± 2.2 30 ± 9 58 ± 18 670 ± 128 -773 ± 184.4 
MINOR Scratches 3 30.9 ± 3.0 12 ± 2 26 ± 12 485 ± 260 -484 ± 314.3 
Scratches - ANY 15 40.5 ± 2.2 26 ± 7 51 ± 15 633 ± 112 -716 ± 159 





delta Femoral  Heads 
n 
Measured 
Contact Angle Ra [nm] Rq [nm] Rpm [nm] Rvm [nm] 
CONTROL Pristine 10 72.4 ± 0.8 38 ± 1 - - - 
NO VISIBLE WEAR No Damage 37 54.0 ± 1.3 11 ± 0 14 ± 0 70 ± 4 -62 ± 1 
METAL 
TRANSFER 
MT - BOLD MULTI DIR 9 73.1 ± 3.2 225 ± 32 307 ± 36 1504 ± 90 -1914 ± 114 
MT - COMBO 0 - - - - - 
MT - DIFFUSE 0 - - - - - 
MT - ISOLATED 2 61.5 ± 2.7 22 ± 6 35 ± 11 465 ± 171 -379 ± 223 
MT - LINEAR 0 - - - - - 
MT - SPECKLED 0 - - - - - 
MT - ANY 11 71.0 ± 3.0 188 ± 36 257 ± 44 1315 ± 148 -1635 ± 211 
STRIPE WEAR 
SW - GROSS 4 64.9 ± 4.1 51 ± 19 71 ± 24 516 ± 99 -671 ± 294 
SW - TRANSITION 0 - - - - - 
SW - ANY 4 64.9 ± 4.1 51 ± 19 71 ± 24 516 ± 99 -671 ± 294 
PITS 
Pits 1 52.3 ± 0.0 13 ± 0.0 17 ± 0 100 ± 0 -78 ± 0 
MINOR Pits 1 55.0 ± 0.0 12 ± 0.0 16 ± 0 99 ± 0 -73 ± 0 
Pits - ANY 2 53.7 ± 1.4 13 ± 16 ± 0 99 ± 1 -75 ± 3 
SCRATCHES 
Scratches 5 54.2 ± 5.4 35 ± 12 61 ± 22 595 ± 212 -788 ± 299 
MINOR Scratches 2 50.5 ± 1.2 12 ± 1 16 ± 2 149 ± 60 -97 ± 26 
Scratches - ANY 7 53.2 ± 3.8 29 ± 9 49 ± 17 468 ± 168 -591 ± 243 
ALL explanted delta heads 61 57.7 ± 1.4 47 ± 11 65 ± 14 371 ± 69 -447 ± 91 
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Figure 15. Depiction of interfacial tensions 
at play for the determination of Young’s 
contact angle of a sessile droplet; Where 
SL is the solid-liquid interface, SG is the 
solid-gas interface, and LG is the liquid-gas 
interface. 
Figure 16. Recorded image of a droplet that was too far 
out-of-roundness to be processed using the custom 
software (Head # H2025, zone C8). The contact line of the 
spreading drop was presumably pinned to defects on the 
surface, causing the formation of a non-spherical droplet.  
Figure 17. Measured contact angle versus various average roughness data. Top-left: 
arithmetic average roughness; Top-right: root-mean-square roughness; Bottom-left: 





































Figure 18. Range of contact angle data for forte and delta explants displayed as a box 
and whisker plot. The box bisector represents the mean contact angle on each material. 
Figure 19. Measured contact angle versus various average roughness data. Top-left: 
arithmetic average roughness; Top-right: root-mean-square roughness; Bottom-left: 

































CONCLUSIONS & ENGINEERING SIGNIFICANCE 
Each experiment presented in this thesis was designed to address impactful topics 
in the engineering significance of bioceramics as alternative bearing materials for THR 
devices. Recognizing longevity as the foremost unresolved challenge to contemporary 
THR options, the focus of each analysis was tailored to investigate the properties that 
provide superior wear resistance in ceramic-on-ceramic articulations. These properties, 
including high wear resistance and good wettability should theoretically make bioceramic 
bearing couples highly resistant to wear. The purpose of this chapter is to retrospectively 
explore what the cumulative data means in the context of engineering significance for the 
identified problem of THR wear properties. The engineering significance of the 
methodology developed for accurate contact angle measurements will also be considered. 
Foremost, the empirical data presented in this work suggests that the physiological 
environment in which these explants functioned has induced surface modifications that 
caused variability in roughness as well as relative wettability across their surfaces. 
Methodology 
The sessile droplet method is one of the most widely used techniques for 
assessing wettability due to the relatively low cost of the equipment required as well as 
the short setup time for each measurement when compared to other popular contact angle 
methods. [73,74] While contact angle analysis has been a pillar in the study of applied 
surface thermodynamics for decades, there are no widely agreed upon methods for 
accurately accounting for spherical surfaces in the determination of contact angles for 
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axisymmetric sessile droplets. 74 Other studies on wettability of the surfaces of femoral 
heads has either concluded that the difference in radii of surface curvature between 26 
mm to 32 mm femoral heads is too small to necessitate curvature correction in contact 
angles,52 or employed more sophisticated, and presumably time consuming 
measurements like the Du Noüy ring method for determining surface tensions.76 The case 
control study, however, indicated that contact angle measurements erred by 2 to 4 when 
curve corrections were not implemented, with increasing curvature (smaller diameter 
spheres) leading to larger errors (as detailed in Chapter II). 
The case control study highlighted a key engineering concept that must be 
addressed in the study of real surfaces. Contact angle measurements made on unused 
femoral heads manufactured to medical-grade standards provided for highly repeatable 
measurements (standard deviation of 1 over five measurements) while measurements on 
steel ball bearings that were manufactured to less than medical-grade standards were 
significantly less repeatable (standard deviation of 3-4 over five measurements). This 
trend fits the assertion that the greatest limitation on the accuracy of drop shape analysis 
is the reproducibility of the surface conditions rather than the precision of the technique 
itself.48
Regardless of its direct relevance to explant characterization, the technique 
developed for this study has the ability to precisely measure contact angle on a variety of 
solid surfaces and can be used across many fields of research and industry where the 
wetting characteristics of pristine curved surfaces must be investigated. The topic of 
wetting is not only applicable to THR femoral heads, but also to many other biomedical 
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devices such as ocular implants, contact lenses, etc.  Furthermore, there is an increasing 
interest in wetting properties for industrial processes such as lubrication, oil recovery, 
printing, and spray quenching in which highly accurate drop shape analysis on curved 
surfaces may prove extremely useful. 
Roughness and Wettability 
From the control studies on unused femoral heads and other reports on the 
wettability of bulk alumina and zirconia toughened alumina, it is known that BIOLOX 
forte and delta ceramics are among the most wettable materials available for THR, with 
reported contact angle measures of approximately 60-70°.52 However, from the 
wettability study on explanted femoral heads, researchers observed zones with contact 
angles significantly greater than 70°or less than 60°. The logical explanation for this 
variability in contact angle measures is the known concept that topography and chemical 
inhomogeneity of a surface affects the profile of a deposited sessile drop. If the contact 
angle observed per zone is plotted against the average roughness of that zone for forte 
and delta explants, the relationship is not so clear. In zones with low average roughness 
(less than 20 nm) the corresponding contact angle measurements vary between 25-80° on 
forte heads and between 35-70° on delta heads. Zones with and arithmetic average 
roughness greater than 100 nm  had corresponding contact angles that were generally 
greater, between 50° and 90° for both forte and delta materials, indicating a potential 
decrease in wettability compared to pristine surfaces of these materials. Zones identified 
with metal transfer, indicating some degree of surface contamination, had average contact 
angles deceptively similar to what was expected for bulk materials, with average contact 
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angle measures of 60.3° on forte heads and 65.7° on delta heads, reported in Chapter IV. 
However, in zones with metal transfer and low roughness (less than 20 nm) there is, 
again, a large variability in corresponding contact angle measures, ranging from 20-55° 
on forte heads and from 40-65° on delta heads, whereas zones with metal transfer and 
high roughness generally have corresponding contact angle measures greater than 60° 
(Figure 20). From these data, it is clear that contact angle measurements from sessile drop 
shape analysis are not one-to-one parametric with average roughness on these femoral 
heads; a deeper knowledge of wetting behavior is necessary to comment on how in vivo 
function has affected the wettability of these femoral heads. 
One of the first attempts to define a relationship between roughness and 
wettability was provided by Wenzel in 1936, who stated that adding surface roughness 
will enhance (meaning amplify) the wettability caused by the chemistry of the bulk 
surface. Wenzel showed that if a surface is chemically hydrophobic, adding roughness 
will make the surface appear more hydrophobic using contact angle analysis. The general 
concept behind Wenzel’s approach to this relationship is that measured contact angles on 
real surfaces deviate from the contact angle necessary for the Young-Laplace equation 
because the roughened interfaces of real surfaces result in greater contact area with a 
sessile droplet than an ideally flat surface. The Wenzel statement on roughness and 
wettability can be described with the following equation: 
cos 𝜃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑟 ∗ cos 𝜃𝑌𝑜𝑢𝑛𝑔 
Wenzel proposed that the Young contact angle, the real equilibrium contact angle 
of wetting, can be determined from the measured contact angle when a roughness ratio ‘r’ 
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is provided. The roughness ratio is defined as the ratio between the actual and projected 
area of a solid surface, where r = 1 for an ideally smooth surface and r > 1 for a 
roughened one. Therefore, roughened a hydrophilic ceramic surface would have a smaller 
apparent contact angle than a pristine one using the Wenzel model. The data collected in 
this study, however, shows that the apparent contact angles were generally greater than 
the expected contact angles for both forte and delta materials in zones with increasing 
roughness. 
To consider the Wenzel model with the present data sets, alternative roughness 
parameters are necessary.77 When it comes to corresponding wettability to roughness, the 
average profile roughness data presented in Chapter III are inferior to three dimensional 
surface roughness parameters because they are profile driven and therefore lack 
information about spatial topography in three dimensions. The effect of roughness on 
wetting as described by Wenzel is caused by surface features that are poorly described by 
2D, average roughness parameters.79 Instead, when investigating relationships between 
roughness and wettability, 3D surface roughness data should be considered if available,80 
as these parameters can more accurately encompass the actual interfacial surface area. 
Several other metrics of roughness were pulled from the intereferometry data for further 
comparative analysis with the contact angle measurements at each measured zone, 
including 3D surface parameters of area factor (Sdr) and 3D surface skewness (Ssk), as 
well as a bearing ratio parameter known as the material ratio (Mr) (APPENDIX B). 
These S and bearing ratio parameters can only be calculated from 3D textural mapping of 
a surface, as provided by optical interferometry. Sdr gives the ratio between the 
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interfacial and projected areas of a surface and is calculated by subtracting the cross 
sectional area (i.e. the field of view) from the textured surface area and dividing that 
quantity by the cross sectional area. Ssk is simply a 3D consideration of whether or not a 
textured surface is positively or negatively skewed (Positive Ssk values indicate a surface 
texture characterized by intermittent asperities above the mean profile, while negative 
Ssk values indicate a surface with intermittent valleys below the mean profile.) Mr refers 
to the material ratio, and can further divided into Mr1 which characterizes the percentage 
of a surface that makes asperities that protrude above the core surface texture, and Mr2 
which characterizes the percentage of a surface that makes valleys below the core surface 
texture. 
To apply the contact angle correction for roughness per Wenzel’s model of 
wetting, the cosine of the measured contact angle must be divided by the corresponding 
roughness ratio (r) for the surface from which the measurement was made. The roughness 
ratio, as it applies to Wenzel statement for a given surface, may be ascertained based 




It is theorized that corrected contact angles should be closer to the expected 
contact angles for these bioceramics (60-70°) with a decrease in variance caused by 
surface topography. However, after applying the Wenzel correction to all of the measured 
contact angle values (Average θMeasured= 59.5 ± 14.2°), it was found that the corrected 
contact angle values were not very different when averaged, with a slightly greater 
standard deviation (Average θWenzel= 60.0 ± 14.8). From the cloud of data points 
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generated (Figure 21), the Wenzel correction evidently resulted in increased contact angle 
for zones with a low area factor and decreased the contact angle in zones with higher area 
factors. This trend was expected from the equations, but the magnitude of change was 
very small. Neglecting the potential role of chemical heterogeneity, these generated data 
still do not support the theory that roughened hydrophilic surfaces will have higher 
wettability than ideal surfaces of the same material. 
The primary limitation to the Wenzel model of wetting behavior is its basis on the 
assumption of complete wetting for a given surface. For the previously described Wenzel 
equation to apply, the liquid droplet must penetrate into the roughness grooves providing 
complete wetting of the surface, and resulting in a larger interfacial area of contact 
between the drop and surface. On highly irregular surfaces, like the ones observed in this 
study, a phenomenon known as contact angle hysteresis can dramatically affect the 
spreading of sessile droplet.81 Hysteresis applied to wetting behavior refers to the 
difference between advancing and receding contact angles when a liquid is injected into a 
sessile drop on a surface and subsequently extracted. On surfaces that are not 
homogenous, isolated topographical and chemical domains will impede the motion of the 
contact line as a droplet spreads over a surface (Figure 16: evidence of hysteresis 
affecting a droplet profile 
from this study). This 
widely documented effect 
can lead to air trapped in 
roughness grooves 
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underneath a deposited droplet, even on relatively hydrophilic surfaces. In the event of air 
trapped in voids underneath a deposited droplet, the surface must be treated as chemically 
inhomogeneous, as the interfacial tension between air and any liquid is going to be 
dramatically different than the interfacial tension between the liquid and solid materials. 
The Cassie equation describes chemically heterogeneous surfaces with different 
surface chemistries. The Cassie equation, given here: 
cos 𝜃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝛼1 cos 𝜃𝑌𝑜𝑢𝑛𝑔1 + 𝛼2 cos 𝜃𝑌𝑜𝑢𝑛𝑔2 
Relates the area fraction (α1 and α2) of materials with different chemistries contacting 
the liquid with the corresponding equilibrium contact angles for those materials. In the 
case of air being trapped in voids, the second area fraction is used to describe air which 
has an equilibrium contact angle of 180°, being entirely immiscible with the liquid. On 
these surfaces, the Cassie-Baxter equation applies: 
cos 𝜃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝛼1(cos 𝜃𝑌𝑜𝑢𝑛𝑔1 + 1) − 1 
Where cos 𝜃𝑌𝑜𝑢𝑛𝑔2 from the original Cassie can be eliminated due to the known 
equilibrium contact angle that water makes with air. To apply the Cassie-Baxter equation, 
it was theorized that Ssk could be an indicator for whether to use Mr1 or Mr2 as the area 
fraction (α1). The basis for this reasoning is that on surfaces with a positive skew, Mr1 
would be a more appropriate area fraction to describe the role of protruding peaks, while 
on surfaces with a negative skew, Mr2 would be more appropriate area fraction to use. 
This application of the Cassie-Baxter equation yielded corrected contact angles that were 
closer to the expected range when averaged (69.9 ± 14.2°) with a slightly smaller 
standard deviation than the measured contact angle values (Figure 22), however, due to 
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the lack of literature regarding the use of these wetting models for correcting contact 
angle data on real surfaces, these methods should be regarded as purely theoretical. 
Drop shape analysis continues to be a widely used method for analyzing 
wettability in the field of orthopaedics. However, the data compiled in this study 
indicates that varying degrees of surface roughening heavily impact the measurement of 
contact angle with this method. The significance of drop shape analysis is limited for 
assessing wetting behavior as it pertains to bearing lubricity, but it can still be used as a 
powerful tool to characterize ways that surface morphologies affect localized wettability. 
Under physiological conditions, prosthetic femoral head surfaces are bathed in synovial 
fluid, allowing for total penetration of the porosities and micro-porosities that 
theoretically caused such a wide variance in the contact angle data presented in this 
study. This research provides the basis for future work to link wettability, assessed by 
drop shape analysis, with surface topography on ceramic surfaces. 
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Figure 20. Measured contact angle versus arithmetic average roughness in zones with 
either no visible damage, stripe wear, or metal transfer on A) forte heads and B) delta 
heads.  
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APPENDIX A: All Roughness Measurements 










Control forte APEX Pristine 36.8 - - - 
forte 
Control forte APEX Pristine 36.3 - - - 
forte 
Control forte APEX Pristine 35.8 - - - 
forte 
Control forte APEX Pristine 38.7 - - - 
forte 
Control forte APEX Pristine 49.5 - - - 
Average roughness values on unused forte control heads 39.4 
Standard Deviation 5.7 
H2025 forte C1 Artifact- Bio Debris 9.2 12.3 212.6 -124.2 
H2025 forte D1 Artifact- Bio Debris 97.4 154.2 911.7 -1849.8 
H2025 forte D2 Artifact- Bio Debris 268.3 338.5 1186.7 -1725.8 
H2025 forte D5 Artifact- Bio Debris 205.4 291.4 1240.6 -1763.3 
H2025 forte D6 Artifact- Bio Debris 178.4 286.7 1232.7 -1859.9 
H2025 forte D7 Artifact- Bio Debris 76.0 122.7 791.7 -1624.7 
H2025 forte D8 Artifact- Bio Debris 109.8 152.8 901.8 -1738.1 
Average roughness on explanted forte heads with Artifact 134.9 194.1 925.4 -1526.6 
Standard Deviation 87.5 115.7 362.6 623.5 
H2018 forte D3 artifact BIO Debris/TOOL 54.6 88.9 782.7 -971.3 
H2018 forte D6 artifact BIO Debris/TOOL 982.7 1253.6 4072.8 -12464.1 
H2018 forte D7 artifact BIO Debris/TOOL 161.5 270.0 1567.4 -3515.0 
H2024 forte D6 artifact BIO Debris/TOOL 11.2 16.8 342.5 -291.1 
H2024 forte D7 artifact BIO Debris/TOOL 11.0 14.9 244.1 -119.0 
H2024 forte D8 artifact BIO Debris/TOOL 11.4 15.6 271.7 -162.0 
H2026 forte B5 artifact BIO Debris/TOOL 254.5 360.9 2377.2 -2227.4 
H2026 forte D7 artifact BIO Debris/TOOL 253.9 354.0 1729.8 -4274.8 
H2031 forte D5 artifact BIO Debris/TOOL 257.3 354.9 1228.6 -3532.3 
Average roughness on explanted forte heads with Tool Damage 222.0 303.3 1401.9 -3061.9 
Standard Deviation 305.6 388.4 1243.7 3874.8 
H2003 forte A6 
Metal Transfer - BOLD MULTI-
DIR 10.1 12.7 92.1 -67.7 
H2003 forte B7 
Metal Transfer - BOLD MULTI-
DIR 298.5 384.6 1536.6 -2151.5 
H2003 forte C6 
Metal Transfer - BOLD MULTI-
DIR 340.9 457.1 2394.9 -2363.0 
H2003 forte C7 
Metal Transfer - BOLD MULTI-
DIR 137.0 211.2 1217.9 -1749.5 
H2027 forte C2 
Metal Transfer - BOLD MULTI-
DIR 486.4 641.9 2366.9 -4487.5 
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H2027 forte D2 
Metal Transfer - BOLD MULTI-
DIR 397.5 569.6 3600.1 -2901.9 
Average roughness on explanted forte heads with MT - BOLD 
MULTI 278.4 379.5 1868.1 -2286.8 
Standard Deviation 175.4 234.0 1201.1 1446.3 
H2001 forte A6 Metal Transfer - COMBO 216.4 307.5 1340.9 -3024.7 
H2003 forte APEX Metal Transfer - COMBO 225.7 328.1 1466.0 -3886.7 
H2003 forte A1 Metal Transfer - COMBO 362.0 464.1 1592.7 -4042.0 
H2003 forte A2 Metal Transfer - COMBO 246.5 339.2 1256.9 -3203.0 
H2003 forte A7 Metal Transfer - COMBO 95.6 147.4 1004.6 -1456.2 
H2003 forte A8 Metal Transfer - COMBO 259.3 349.0 1339.8 -2755.4 
H2003 forte B1 Metal Transfer - COMBO 270.4 361.6 1383.4 -3237.7 
H2003 forte B2 Metal Transfer - COMBO 215.3 304.1 1234.9 -2592.7 
H2007 forte B6 Metal Transfer - COMBO 147.1 197.3 1121.7 -2018.0 
H2011 forte A4 Metal Transfer - COMBO 11.7 16.9 317.6 -151.5 
H2011 forte B7 Metal Transfer - COMBO 224.3 309.4 1254.4 -3006.7 
H2012 forte A6 Metal Transfer - COMBO 101.7 140.3 1016.7 -1657.3 
H2012 forte A7 Metal Transfer - COMBO 197.4 285.1 2041.7 -2004.4 
H2012 forte A8 Metal Transfer - COMBO 165.7 225.8 1233.8 -2639.3 
H2012 forte C1 Metal Transfer - COMBO 141.6 188.6 1196.7 -2056.0 
H2018 forte A1 Metal Transfer - COMBO 357.4 461.6 1507.5 -3852.5 
H2019 forte A6 Metal Transfer - COMBO 192.5 269.7 1214.1 -2589.4 
H2020 forte A4 Metal Transfer - COMBO 9.9 13.1 114.5 -118.0 
H2020 forte A5 Metal Transfer - COMBO 134.4 200.5 1115.8 -2154.9 
H2020 forte A6 Metal Transfer - COMBO 239.7 336.3 1291.3 -3149.7 
H2020 forte A7 Metal Transfer - COMBO 235.6 325.6 1255.9 -2544.0 
H2020 forte A8 Metal Transfer - COMBO 185.2 260.3 1247.7 -2662.6 
H2020 forte B5 Metal Transfer - COMBO 232.9 323.0 1342.3 -2852.0 
H2020 forte B6 Metal Transfer - COMBO 196.8 276.0 1218.7 -2446.7 
H2020 forte B7 Metal Transfer - COMBO 189.5 263.2 1313.0 -2713.8 
H2020 forte C5 Metal Transfer - COMBO 168.8 246.9 1257.7 -2456.8 
H2023 forte A1 Metal Transfer - COMBO 289.3 401.1 1459.9 -3659.0 
H2023 forte B3 Metal Transfer - COMBO 278.9 404.5 1750.1 -4468.6 
H2023 forte B5 Metal Transfer - COMBO 344.9 493.0 6396.7 -7317.3 
H2024 forte A4 Metal Transfer - COMBO 220.1 303.4 1124.1 -3605.8 
H2027 forte A3 Metal Transfer - COMBO 1440.6 1928.3 5364.9 -15264.2 
H2027 forte A4 Metal Transfer - COMBO 338.3 549.3 2552.9 -9119.9 
H2027 forte A5 Metal Transfer - COMBO 211.1 350.7 2096.4 -6457.5 
H2027 forte A6 Metal Transfer - COMBO 127.5 202.9 1236.7 -3399.4 
H2027 forte A7 Metal Transfer - COMBO 1667.7 2203.5 6975.3 -14915.6 
H2027 forte A8 Metal Transfer - COMBO 740.4 1229.8 4504.4 -16555.8 
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H2027 forte B1 Metal Transfer - COMBO 68.6 122.0 1184.5 -1576.8 
H2027 forte B2 Metal Transfer - COMBO 379.0 469.2 1633.1 -2539.3 
H2027 forte C6 Metal Transfer - COMBO 46.6 60.3 338.9 -394.7 
H2031 forte APEX Metal Transfer - COMBO 214.6 310.1 1555.7 -3822.6 
H2035 forte APEX Metal Transfer - COMBO 12.1 16.2 79.7 -118.2 
Average roughness on explanted forte heads with MT - COMBO 278.1 389.9 1705.7 -3865.5 
Standard Deviation 319.2 431.9 1471.9 3751.8 
H2024 forte A5 Metal Transfer - DIFFUSE 322.0 437.2 1635.7 -5513.6 
H2024 forte A6 Metal Transfer - DIFFUSE 305.5 416.4 1928.1 -6777.0 
H2024 forte B1 Metal Transfer - DIFFUSE 148.9 214.0 1133.8 -1844.6 
H2024 forte B6 Metal Transfer - DIFFUSE 276.7 389.8 1439.8 -4361.0 
H2024 forte C1 Metal Transfer - DIFFUSE 19.7 44.6 744.5 -1088.7 
H2024 forte C2 Metal Transfer - DIFFUSE 190.2 314.0 1929.6 -2132.2 
H2024 forte C3 Metal Transfer - DIFFUSE 121.8 176.0 1072.9 -2141.7 
H2024 forte C8 Metal Transfer - DIFFUSE 29.9 71.2 1059.6 -1195.6 
H2024 forte D1 Metal Transfer - DIFFUSE 41.6 106.2 1044.0 -1716.0 
H2024 forte D2 Metal Transfer - DIFFUSE 43.9 100.4 905.9 -1524.7 
H2024 forte D3 Metal Transfer - DIFFUSE 123.6 215.1 1422.3 -1800.2 
H2024 forte D4 Metal Transfer - DIFFUSE 11.4 18.6 477.6 -298.4 
H2024 forte D5 Metal Transfer - DIFFUSE 22.0 45.7 652.3 -973.5 
Average roughness on explanted forte heads with MT - DIFFUSE 127.5 196.1 1188.2 -2412.9 
Standard Deviation 114.1 149.8 459.9 1922.6 
H2001 forte A4 Metal Transfer - ISOLATED 9.4 11.9 81.3 -62.1 
H2004 forte B7 Metal Transfer - ISOLATED 65.8 130.7 1057.4 -1511.2 
H2018 forte D4 Metal Transfer - ISOLATED 100.4 160.4 1065.5 -1557.9 
H2020 forte B4 Metal Transfer - ISOLATED 14.4 31.0 497.1 -547.2 
H2020 forte C8 Metal Transfer - ISOLATED 24.7 31.5 134.2 -143.8 
H2027 forte C7 Metal Transfer - ISOLATED 53.8 83.2 955.6 -860.2 
Average roughness on explanted forte heads with MT - ISOLATED 44.7 74.8 631.8 -780.4 
Standard Deviation 35.2 60.5 456.7 651.2 
H2001 forte A5 Metal Transfer - LINEAR 12.3 16.8 206.2 -147.4 
H2001 forte A8 Metal Transfer - LINEAR 125.1 211.4 1180.9 -2774.7 
H2005 forte A1 Metal Transfer - LINEAR 9.6 12.5 173.1 -108.9 
H2005 forte A4 Metal Transfer - LINEAR 15.9 23.0 324.9 -247.4 
H2011 forte B5 Metal Transfer - LINEAR 21.2 27.7 132.6 -137.1 
H2011 forte B8 Metal Transfer - LINEAR 20.1 28.8 194.5 -290.1 
H2019 forte A3 Metal Transfer - LINEAR 17.0 35.5 691.2 -810.0 
H2035 forte C5 Metal Transfer - LINEAR 63.7 86.9 514.0 -532.7 
Average roughness on explanted forte heads with MT - LINEAR 35.6 55.3 427.2 -631.0 
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Standard Deviation 40.0 67.2 360.6 898.5 
H2005 forte A5 Metal Transfer - SPECKLED 31.7 45.3 300.4 -346.4 
H2005 forte A6 Metal Transfer - SPECKLED 10.2 15.7 289.2 -201.1 
H2005 forte A7 Metal Transfer - SPECKLED 10.1 15.5 292.0 -214.3 
H2005 forte B1 Metal Transfer - SPECKLED 8.9 11.3 82.2 -57.7 
H2005 forte B5 Metal Transfer - SPECKLED 10.2 15.0 268.4 -184.8 
H2005 forte B7 Metal Transfer - SPECKLED 9.9 15.5 310.7 -202.3 
H2005 forte C1 Metal Transfer - SPECKLED 9.0 11.5 133.2 -77.9 
H2005 forte C3 Metal Transfer - SPECKLED 10.2 18.2 436.9 -342.3 
H2012 forte B3 Metal Transfer - SPECKLED 8.9 11.4 138.9 -56.3 
H2012 forte B4 Metal Transfer - SPECKLED 11.1 22.0 481.7 -517.4 
H2035 forte A6 Metal Transfer - SPECKLED 8.2 10.8 124.0 -83.5 
Average roughness on explanted forte heads with MT - SPECKLED 11.7 17.5 259.8 -207.6 
Standard Deviation 6.7 9.8 129.4 145.5 
H2003 forte A3 MINOR Pits 266.9 361.3 1533.1 -3469.3 
H2003 forte B4 MINOR Pits 16.2 28.5 527.6 -684.4 
H2004 forte A2 MINOR Pits 10.5 15.6 313.7 -243.7 
H2004 forte A3 MINOR Pits 10.9 16.3 315.8 -241.1 
H2004 forte A6 MINOR Pits 10.1 14.4 256.1 -201.6 
H2004 forte B2 MINOR Pits 8.0 10.6 170.1 -118.5 
H2004 forte B3 MINOR Pits 8.6 15.5 377.1 -298.2 
H2004 forte B4 MINOR Pits 8.1 12.5 269.0 -202.6 
H2004 forte B5 MINOR Pits 9.1 13.1 276.0 -183.3 
H2004 forte B6 MINOR Pits 9.4 13.3 229.5 -168.8 
H2004 forte C1 MINOR Pits 9.7 13.7 254.4 -156.4 
H2004 forte C5 MINOR Pits 10.0 14.1 282.0 -170.3 
H2004 forte D5 MINOR Pits 14.5 20.3 393.0 -290.3 
H2005 forte A2 MINOR Pits 63.9 117.3 975.2 -1475.5 
H2005 forte B8 MINOR Pits 9.6 13.0 172.2 -119.8 
H2005 forte C6 MINOR Pits 9.9 13.5 233.1 -140.6 
H2007 forte A2 MINOR Pits 34.2 63.2 595.7 -1383.3 
H2007 forte A3 MINOR Pits 26.0 45.2 521.5 -907.3 
H2007 forte A4 MINOR Pits 23.5 40.8 649.6 -780.1 
H2007 forte B3 MINOR Pits 27.8 52.3 927.7 -687.3 
H2009 forte A8 MINOR Pits 11.9 19.4 381.0 -214.3 
H2011 forte APEX MINOR Pits 9.6 13.1 232.2 -137.5 
H2011 forte B1 MINOR Pits 10.6 13.9 118.5 -102.7 
H2011 forte D8 MINOR Pits 11.3 18.4 304.6 -237.2 
H2012 forte A2 MINOR Pits 18.6 30.8 273.6 -609.1 
H2012 forte A3 MINOR Pits 11.1 14.8 102.8 -136.8 
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H2012 forte A4 MINOR Pits 11.3 15.2 134.0 -140.9 
H2015 forte B4 MINOR Pits 9.8 12.7 157.0 -111.0 
H2015 forte D5 MINOR Pits 9.2 13.2 284.0 -93.5 
H2018 forte C6 MINOR Pits 11.0 20.4 498.0 -295.9 
H2018 forte C7 MINOR Pits 12.0 23.8 457.3 -348.7 
H2018 forte C8 MINOR Pits 12.8 24.5 475.7 -305.6 
H2018 forte D5 MINOR Pits 10.8 18.1 352.7 -198.7 
H2018 forte D8 MINOR Pits 10.3 19.5 322.8 -266.3 
H2023 forte A3 MINOR Pits 159.1 227.8 1081.7 -2183.7 
H2024 forte A2 MINOR Pits 65.2 88.9 651.8 -1051.5 
H2024 forte A7 MINOR Pits 310.8 445.2 4486.3 -5015.8 
H2024 forte B5 MINOR Pits 31.0 48.0 442.7 -742.8 
H2024 forte B7 MINOR Pits 49.6 84.1 713.5 -1694.6 
H2024 forte B8 MINOR Pits 24.6 41.7 648.1 -1028.4 
H2024 forte C6 MINOR Pits 73.1 95.8 613.3 -1110.8 
H2025 forte A4 MINOR Pits 12.2 16.4 166.3 -141.7 
H2025 forte A5 MINOR Pits 10.3 13.6 112.3 -103.5 
H2025 forte A6 MINOR Pits 12.0 15.9 116.5 -120.5 
H2025 forte B2 MINOR Pits 13.4 18.6 202.4 -202.2 
H2025 forte B8 MINOR Pits 11.8 17.4 264.9 -215.3 
H2025 forte C8 MINOR Pits 10.2 13.8 218.0 -138.4 
H2026 forte B3 MINOR Pits 13.7 20.8 329.6 -297.8 
H2027 forte D7 MINOR Pits 25.2 47.1 568.0 -1185.1 
H2030 forte A2 MINOR Pits 14.6 22.6 347.1 -213.3 
H2030 forte B2 MINOR Pits 8.4 12.6 267.7 -168.1 
H2030 forte B5 MINOR Pits 9.3 14.4 302.2 -171.0 
H2030 forte B6 MINOR Pits 9.8 16.8 372.5 -241.3 
H2030 forte C8 MINOR Pits 11.5 17.0 281.1 -200.7 
H2031 forte D1 MINOR Pits 15.9 21.0 216.8 -115.2 
H2031 forte D6 MINOR Pits 19.7 28.8 528.7 -667.7 
H2031 forte D8 MINOR Pits 17.5 23.2 318.3 -254.4 
H2034 forte APEX MINOR Pits 78.8 113.7 771.1 -1428.5 
H2034 forte A7 MINOR Pits 159.0 218.2 1248.6 -2275.9 
H2034 forte B2 MINOR Pits 15.4 22.0 191.8 -233.7 
H2035 forte A4 MINOR Pits 30.8 49.6 504.0 -511.8 
Average roughness on explanted forte heads with MINOR Pits 32.1 47.7 480.9 -603.8 
Standard Deviation 56.3 79.0 592.6 860.5 
H2003 forte B8 MINOR Scratches 10.4 16.3 400.7 -216.9 
H2004 forte APEX MINOR Scratches 7.8 11.4 213.1 -254.8 
H2004 forte A1 MINOR Scratches 10.9 16.2 282.0 -233.3 
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H2005 forte C4 MINOR Scratches 9.9 13.9 222.6 -140.8 
H2009 forte APEX MINOR Scratches 9.5 12.3 93.3 -96.6 
H2009 forte A2 MINOR Scratches 28.7 71.0 933.6 -1363.0 
H2009 forte A5 MINOR Scratches 10.0 13.1 128.5 -77.4 
H2009 forte A6 MINOR Scratches 15.5 48.9 996.5 -1107.2 
H2009 forte A7 MINOR Scratches 9.9 14.0 221.1 -99.9 
H2009 forte B7 MINOR Scratches 18.7 29.4 502.2 -588.3 
H2009 forte D1 MINOR Scratches 10.4 13.8 97.7 -120.8 
H2009 forte D2 MINOR Scratches 13.6 24.4 555.9 -330.4 
H2009 forte D3 MINOR Scratches 10.4 14.0 134.4 -107.9 
H2009 forte D4 MINOR Scratches 10.0 13.2 155.7 -103.9 
H2009 forte D7 MINOR Scratches 9.7 12.6 116.6 -85.4 
H2012 forte C4 MINOR Scratches 9.8 12.4 87.1 -70.9 
H2023 forte B8 MINOR Scratches 44.9 88.0 1019.0 -1947.7 
H2024 forte C4 MINOR Scratches 28.6 47.0 579.5 -455.6 
H2025 forte B6 MINOR Scratches 8.7 11.6 135.6 -104.4 
H2025 forte B7 MINOR Scratches 10.0 20.4 479.3 -399.3 
H2025 forte C6 MINOR Scratches 10.0 13.0 163.8 -53.9 
H2027 forte D8 MINOR Scratches 28.7 46.6 585.6 -1244.2 
H2031 forte A3 MINOR Scratches 15.1 21.0 332.1 -151.0 
H2035 forte B4 MINOR Scratches 9.2 11.6 65.8 -51.8 
H2035 forte C4 MINOR Scratches 10.1 12.9 115.1 -90.5 
Average roughness on explanted forte heads with MINOR Scratches 14.4 24.4 344.7 -379.8 
Standard Deviation 9.0 20.3 292.8 497.9 
H2001 forte APEX No Damage 225.7 328.1 1466.0 -3886.7 
H2001 forte A1 No Damage 9.4 12.2 148.5 -96.4 
H2001 forte A2 No Damage 9.0 11.3 77.0 -56.3 
H2001 forte A3 No Damage 8.9 11.5 128.6 -84.0 
H2001 forte B1 No Damage 7.8 9.9 95.5 -62.7 
H2001 forte B2 No Damage 8.3 10.6 103.2 -62.6 
H2001 forte B4 No Damage 8.9 11.2 64.8 -53.7 
H2001 forte B7 No Damage 39.7 64.7 708.7 -832.9 
H2001 forte B8 No Damage 8.8 11.1 64.8 -53.8 
H2001 forte C1 No Damage 7.9 10.1 102.1 -73.7 
H2001 forte C2 No Damage 7.9 10.0 65.9 -45.1 
H2001 forte C3 No Damage 7.9 10.2 96.9 -81.9 
H2001 forte C4 No Damage 7.6 9.6 92.4 -54.9 
H2001 forte C5 No Damage 7.8 9.9 95.4 -76.4 
H2001 forte C6 No Damage 7.5 9.5 63.5 -49.7 
H2001 forte C7 No Damage 8.0 10.3 109.8 -60.3 
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H2001 forte C8 No Damage 7.7 9.8 105.7 -60.9 
H2001 forte D1 No Damage 8.9 15.2 441.5 -131.7 
H2001 forte D2 No Damage 8.4 11.4 171.2 -112.3 
H2001 forte D3 No Damage 7.8 9.8 65.6 -47.1 
H2001 forte D4 No Damage 9.7 15.0 272.3 -181.8 
H2001 forte D5 No Damage 7.6 9.6 76.1 -58.6 
H2001 forte D6 No Damage 7.8 9.8 80.8 -52.9 
H2001 forte D7 No Damage 7.7 9.8 78.6 -58.5 
H2001 forte D8 No Damage 8.2 10.8 136.3 -87.4 
H2003 forte A4 No Damage 15.5 22.6 310.1 -381.7 
H2003 forte A5 No Damage 8.9 11.4 87.9 -90.4 
H2003 forte B5 No Damage 8.4 11.0 141.4 -92.9 
H2003 forte B6 No Damage 9.6 12.2 91.9 -72.5 
H2003 forte C2 No Damage 10.7 14.2 196.2 -138.2 
H2003 forte C3 No Damage 9.7 13.1 163.7 -83.6 
H2003 forte C4 No Damage 10.2 14.7 306.9 -128.8 
H2003 forte C5 No Damage 8.5 10.8 105.3 -63.2 
H2003 forte C8 No Damage 11.4 15.7 223.1 -166.3 
H2003 forte D1 No Damage 8.7 11.1 113.9 -76.9 
H2003 forte D2 No Damage 11.4 15.1 233.7 -150.6 
H2003 forte D3 No Damage 10.4 13.8 242.1 -156.9 
H2003 forte D4 No Damage 13.2 17.8 262.3 -142.6 
H2003 forte D5 No Damage 9.2 11.7 80.5 -63.0 
H2003 forte D6 No Damage 10.3 13.3 149.3 -99.0 
H2003 forte D7 No Damage 8.4 10.8 110.2 -79.7 
H2003 forte D8 No Damage 10.0 12.8 154.0 -87.9 
H2004 forte A5 No Damage 13.4 19.7 329.5 -130.8 
H2004 forte A7 No Damage 10.1 13.7 236.5 -158.6 
H2004 forte A8 No Damage 9.9 13.3 237.1 -159.0 
H2004 forte B1 No Damage 7.9 11.0 187.4 -137.6 
H2004 forte B8 No Damage 9.2 11.6 109.2 -70.9 
H2004 forte C2 No Damage 9.6 12.9 207.1 -125.2 
H2004 forte C3 No Damage 9.4 12.8 219.1 -153.2 
H2004 forte C4 No Damage 9.4 12.6 187.6 -122.8 
H2004 forte C6 No Damage 9.4 12.4 174.1 -109.7 
H2004 forte C7 No Damage 9.5 12.5 171.9 -103.0 
H2004 forte C8 No Damage 9.2 11.8 124.3 -91.7 
H2004 forte D1 No Damage 13.3 17.7 213.3 -269.3 
H2004 forte D2 No Damage 13.5 17.8 188.8 -142.8 
H2004 forte D3 No Damage 13.0 17.7 258.9 -243.5 
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H2004 forte D4 No Damage 14.5 21.6 374.4 -448.2 
H2004 forte D6 No Damage 15.2 21.7 330.2 -377.2 
H2004 forte D7 No Damage 15.5 19.8 187.1 -154.3 
H2004 forte D8 No Damage 16.8 22.7 293.5 -329.6 
H2005 forte APEX No Damage 9.3 11.8 103.0 -69.6 
H2005 forte A3 No Damage 17.2 24.6 199.0 -260.9 
H2005 forte A8 No Damage 9.9 14.7 305.6 -194.8 
H2005 forte B2 No Damage 9.5 11.9 86.6 -61.0 
H2005 forte B3 No Damage 10.0 12.7 81.1 -73.6 
H2005 forte B4 No Damage 10.1 13.1 147.0 -85.6 
H2005 forte B6 No Damage 10.4 15.9 301.3 -197.0 
H2005 forte C2 No Damage 9.6 12.4 117.7 -95.1 
H2005 forte C5 No Damage 9.6 12.4 145.3 -85.4 
H2005 forte C7 No Damage 9.6 13.2 186.2 -136.2 
H2005 forte C8 No Damage 9.5 12.6 203.7 -116.9 
H2005 forte D1 No Damage 9.7 12.2 85.6 -60.8 
H2005 forte D2 No Damage 9.4 11.8 103.6 -58.1 
H2005 forte D3 No Damage 9.7 13.0 225.1 -71.4 
H2005 forte D4 No Damage 9.6 12.2 128.2 -55.4 
H2005 forte D5 No Damage 9.8 12.4 94.0 -74.6 
H2005 forte D6 No Damage 9.8 12.4 106.0 -67.7 
H2005 forte D7 No Damage 9.8 13.2 203.5 -98.9 
H2005 forte D8 No Damage 9.4 12.6 105.6 -163.0 
H2007 forte C2 No Damage 10.6 15.4 286.2 -216.2 
H2007 forte C3 No Damage 8.8 11.3 105.9 -98.5 
H2007 forte C4 No Damage 9.5 12.3 131.1 -101.0 
H2007 forte C5 No Damage 8.9 11.6 114.4 -82.0 
H2007 forte C6 No Damage 8.4 11.4 152.5 -91.4 
H2007 forte C7 No Damage 9.1 14.6 354.0 -152.1 
H2007 forte C8 No Damage 9.4 13.6 245.7 -192.7 
H2007 forte D1 No Damage 12.3 55.3 1911.7 -956.3 
H2007 forte D2 No Damage 11.7 15.2 208.2 -90.4 
H2007 forte D3 No Damage 15.1 21.9 437.0 -428.8 
H2007 forte D4 No Damage 12.0 15.7 244.9 -111.3 
H2007 forte D5 No Damage 14.5 19.1 285.4 -186.4 
H2007 forte D6 No Damage 12.3 15.5 98.0 -75.9 
H2007 forte D7 No Damage 25.1 46.2 1249.3 -1442.2 
H2007 forte D8 No Damage 11.9 15.0 128.8 -68.8 
H2011 forte A1 No Damage 12.9 17.2 101.2 -147.0 
H2011 forte A2 No Damage 9.9 12.7 66.0 -73.7 
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H2011 forte A3 No Damage 11.1 14.6 196.3 -131.1 
H2011 forte A7 No Damage 35.9 62.6 600.5 -447.3 
H2011 forte A8 No Damage 22.5 35.1 294.0 -553.4 
H2011 forte B2 No Damage 8.8 11.3 111.4 -72.5 
H2011 forte B3 No Damage 8.8 11.5 137.9 -86.3 
H2011 forte B4 No Damage 8.4 10.6 85.5 -57.5 
H2011 forte C1 No Damage 9.9 12.6 92.5 -73.3 
H2011 forte C2 No Damage 9.1 11.5 103.2 -59.0 
H2011 forte C3 No Damage 8.6 10.9 107.0 -56.5 
H2011 forte C4 No Damage 8.8 11.5 134.0 -93.1 
H2011 forte C5 No Damage 9.1 11.7 127.0 -67.4 
H2011 forte C6 No Damage 9.6 12.5 157.7 -76.5 
H2011 forte C7 No Damage 9.0 11.6 108.4 -72.0 
H2011 forte C8 No Damage 10.0 13.0 119.7 -99.4 
H2011 forte D1 No Damage 14.4 26.1 479.7 -435.5 
H2011 forte D2 No Damage 8.9 12.0 185.0 -108.3 
H2011 forte D3 No Damage 9.2 12.5 165.8 -124.2 
H2011 forte D4 No Damage 9.2 12.7 203.0 -115.8 
H2011 forte D5 No Damage 11.5 16.5 245.7 -86.9 
H2011 forte D7 No Damage 9.1 11.7 129.9 -76.8 
H2012 forte A1 No Damage 97.4 132.0 919.8 -987.7 
H2012 forte B2 No Damage 9.8 12.6 139.9 -76.4 
H2012 forte B5 No Damage 9.5 12.1 115.6 -71.3 
H2012 forte B6 No Damage 9.7 12.3 97.1 -63.7 
H2012 forte C2 No Damage 9.1 11.4 63.0 -54.0 
H2012 forte C3 No Damage 9.2 11.5 77.7 -54.9 
H2012 forte C5 No Damage 9.1 11.7 135.3 -72.2 
H2012 forte C6 No Damage 9.2 11.6 83.7 -54.0 
H2012 forte C7 No Damage 9.3 11.8 92.8 -59.2 
H2012 forte C8 No Damage 9.0 11.9 149.8 -99.3 
H2012 forte D1 No Damage 10.9 13.9 151.2 -94.1 
H2012 forte D2 No Damage 10.3 13.1 116.8 -74.2 
H2012 forte D3 No Damage 10.4 13.2 98.8 -78.2 
H2012 forte D4 No Damage 10.2 12.9 82.1 -75.0 
H2012 forte D5 No Damage 10.3 13.9 212.2 -119.3 
H2012 forte D6 No Damage 10.8 13.6 95.7 -66.5 
H2012 forte D7 No Damage 10.3 13.1 113.5 -71.7 
H2012 forte D8 No Damage 10.8 13.7 123.0 -71.4 
H2015 forte B2 No Damage 9.2 11.7 120.7 -72.6 
H2015 forte B3 No Damage 8.9 11.6 151.9 -93.3 
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H2015 forte B5 No Damage 9.1 11.6 123.6 -79.7 
H2015 forte B6 No Damage 9.7 12.5 114.6 -70.4 
H2015 forte C1 No Damage 8.5 11.0 127.0 -81.8 
H2015 forte C2 No Damage 8.6 10.9 108.2 -74.7 
H2015 forte C3 No Damage 8.7 11.0 118.1 -75.7 
H2015 forte C4 No Damage 8.5 11.0 131.0 -89.3 
H2015 forte C5 No Damage 8.5 10.9 125.7 -75.7 
H2015 forte C6 No Damage 8.5 10.9 123.2 -77.3 
H2015 forte C7 No Damage 8.5 10.8 107.9 -68.3 
H2015 forte C8 No Damage 8.5 10.9 112.7 -67.3 
H2015 forte D1 No Damage 8.4 10.7 111.7 -67.8 
H2015 forte D2 No Damage 8.5 10.9 132.4 -88.9 
H2015 forte D3 No Damage 8.5 11.0 104.1 -68.8 
H2015 forte D4 No Damage 8.9 11.4 117.3 -86.8 
H2015 forte D6 No Damage 8.8 11.0 73.3 -49.5 
H2015 forte D7 No Damage 9.0 11.5 117.6 -69.3 
H2015 forte D8 No Damage 8.9 11.5 130.2 -83.8 
H2019 forte APEX No Damage 13.1 24.1 299.3 -453.5 
H2019 forte A1 No Damage 9.6 13.8 193.3 -265.6 
H2019 forte A2 No Damage 8.1 10.7 131.4 -157.6 
H2019 forte B1 No Damage 9.1 11.8 113.3 -119.5 
H2019 forte B2 No Damage 9.4 12.6 140.7 -190.4 
H2019 forte B3 No Damage 11.8 17.5 224.1 -373.8 
H2019 forte B4 No Damage 10.6 14.7 128.2 -106.5 
H2019 forte B5 No Damage 51.8 80.0 594.7 -714.9 
H2019 forte B8 No Damage 10.2 13.1 142.2 -142.7 
H2019 forte C1 No Damage 9.8 12.4 97.7 -83.1 
H2019 forte C2 No Damage 10.3 13.0 111.8 -77.5 
H2019 forte C3 No Damage 10.4 13.4 125.4 -99.8 
H2019 forte C4 No Damage 10.8 13.7 108.8 -90.3 
H2019 forte C5 No Damage 10.8 13.7 106.3 -83.9 
H2019 forte C6 No Damage 11.0 14.5 218.5 -193.7 
H2019 forte C7 No Damage 10.4 14.0 235.5 -199.0 
H2019 forte C8 No Damage 9.4 12.5 144.1 -130.5 
H2019 forte D1 No Damage 11.4 18.2 281.9 -319.8 
H2019 forte D2 No Damage 18.8 24.0 250.7 -180.8 
H2019 forte D3 No Damage 18.0 24.4 315.9 -225.1 
H2019 forte D5 No Damage 23.0 29.4 325.3 -251.3 
H2019 forte D6 No Damage 15.4 19.7 228.4 -146.7 
H2019 forte D7 No Damage 15.6 20.6 324.9 -239.2 
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H2019 forte D8 No Damage 15.0 22.2 458.1 -376.6 
H2020 forte A1 No Damage 16.0 23.8 361.8 -439.9 
H2020 forte A2 No Damage 8.5 10.9 103.4 -78.2 
H2020 forte A3 No Damage 8.3 11.5 140.9 -152.0 
H2020 forte B1 No Damage 8.5 10.8 89.1 -89.3 
H2020 forte B2 No Damage 7.7 10.2 140.9 -110.9 
H2020 forte B3 No Damage 7.2 9.7 122.2 -91.8 
H2020 forte C1 No Damage 8.6 11.5 130.0 -86.6 
H2020 forte C2 No Damage 8.5 13.5 294.4 -169.5 
H2020 forte C6 No Damage 8.0 10.3 131.4 -95.3 
H2020 forte C7 No Damage 8.3 11.7 189.5 -153.9 
H2020 forte D1 No Damage 9.5 13.4 257.0 -137.3 
H2020 forte D2 No Damage 10.3 14.6 200.2 -172.6 
H2020 forte D3 No Damage 8.8 11.5 137.3 -107.6 
H2020 forte D4 No Damage 9.5 12.8 194.9 -108.0 
H2020 forte D5 No Damage 8.4 10.6 81.5 -58.5 
H2020 forte D6 No Damage 9.4 12.1 137.0 -102.2 
H2020 forte D7 No Damage 9.6 14.5 361.5 -182.4 
H2020 forte D8 No Damage 9.8 12.6 124.7 -94.5 
H2023 forte A4 No Damage 160.7 239.6 1187.1 -2465.8 
H2023 forte C2 No Damage 9.2 13.0 245.9 -205.5 
H2023 forte C3 No Damage 9.5 13.5 249.1 -221.4 
H2023 forte C4 No Damage 9.5 14.3 286.9 -257.5 
H2023 forte C5 No Damage 15.5 29.5 271.8 -347.4 
H2023 forte D1 No Damage 9.4 12.4 198.8 -109.6 
H2023 forte D2 No Damage 10.6 13.7 161.6 -115.9 
H2023 forte D3 No Damage 10.3 14.8 269.0 -227.5 
H2023 forte D4 No Damage 10.0 14.2 244.5 -132.1 
H2023 forte D5 No Damage 9.6 12.5 157.8 -108.6 
H2023 forte D6 No Damage 11.8 26.4 649.3 -764.5 
H2023 forte D7 No Damage 21.1 33.6 414.7 -305.9 
H2023 forte D8 No Damage 29.1 51.0 693.5 -992.4 
H2024 forte APEX No Damage 36.0 56.3 388.4 -1089.3 
H2024 forte A1 No Damage 57.0 105.8 776.0 -1428.1 
H2024 forte B3 No Damage 43.3 60.2 548.8 -543.2 
H2024 forte B4 No Damage 21.7 49.8 1407.2 -913.8 
H2024 forte C5 No Damage 22.0 38.3 518.8 -313.0 
H2024 forte C7 No Damage 27.3 67.1 933.4 -1340.1 
H2025 forte A8 No Damage 38.7 62.3 580.2 -1017.5 
H2025 forte B3 No Damage 8.9 11.6 157.6 -82.8 
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H2025 forte B4 No Damage 8.5 10.8 106.0 -49.7 
H2025 forte B5 No Damage 8.3 10.7 112.4 -76.7 
H2025 forte C2 No Damage 9.0 11.7 109.7 -96.6 
H2025 forte C3 No Damage 9.1 11.5 87.7 -54.0 
H2025 forte C4 No Damage 9.4 12.5 165.6 -128.2 
H2025 forte C5 No Damage 9.5 12.0 80.6 -59.5 
H2025 forte C7 No Damage 9.6 12.3 135.8 -66.6 
H2025 forte D3 No Damage 9.7 12.3 111.9 -63.0 
H2025 forte D4 No Damage 10.9 13.9 150.0 -89.6 
H2026 forte C2 No Damage 10.6 13.4 78.4 -69.8 
H2026 forte C3 No Damage 10.5 13.6 170.4 -120.9 
H2026 forte C4 No Damage 13.0 17.2 208.6 -130.4 
H2026 forte C5 No Damage 13.2 20.2 283.5 -306.6 
H2026 forte C6 No Damage 112.7 152.8 962.5 -1638.1 
H2026 forte C7 No Damage 146.2 193.1 1057.5 -1873.0 
H2026 forte C8 No Damage 12.7 17.8 247.7 -193.2 
H2026 forte D1 No Damage 10.2 12.9 117.0 -72.0 
H2026 forte D2 No Damage 11.7 15.2 177.5 -90.4 
H2026 forte D3 No Damage 11.4 14.6 154.4 -94.8 
H2026 forte D4 No Damage 11.9 19.0 432.5 -295.8 
H2026 forte D5 No Damage 10.0 13.5 242.9 -131.6 
H2026 forte D6 No Damage 16.5 59.2 1695.6 -1554.7 
H2026 forte D8 No Damage 10.8 13.8 158.6 -101.9 
H2027 forte D3 No Damage 10.3 13.2 137.3 -94.1 
H2027 forte D4 No Damage 11.9 15.2 109.1 -76.8 
H2027 forte D5 No Damage 16.2 22.8 424.8 -328.8 
H2027 forte D6 No Damage 13.0 17.9 312.1 -204.8 
H2030 forte B3 No Damage 7.8 10.8 198.4 -103.4 
H2030 forte B4 No Damage 8.7 13.0 251.2 -151.4 
H2030 forte C1 No Damage 9.3 12.4 186.0 -100.1 
H2030 forte C2 No Damage 8.0 10.5 134.7 -72.3 
H2030 forte C3 No Damage 8.3 10.9 157.4 -74.2 
H2030 forte C4 No Damage 7.7 9.8 131.9 -53.4 
H2030 forte C5 No Damage 7.7 10.4 165.8 -105.4 
H2030 forte C6 No Damage 7.9 12.2 288.1 -101.0 
H2030 forte C7 No Damage 9.1 12.2 149.5 -108.3 
H2030 forte D4 No Damage 32.8 42.5 350.0 -458.5 
H2030 forte D5 No Damage 27.5 35.6 287.4 -312.9 
H2030 forte D7 No Damage 12.0 15.2 133.6 -82.5 
H2030 forte D8 No Damage 12.5 16.0 133.5 -86.9 
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H2031 forte A1 No Damage 162.2 258.2 1364.9 -3791.6 
H2031 forte A2 No Damage 9.5 13.0 118.8 -105.8 
H2031 forte A7 No Damage 166.1 233.1 1387.1 -2888.5 
H2031 forte B1 No Damage 8.6 10.9 83.6 -57.6 
H2031 forte B2 No Damage 8.6 11.0 108.6 -53.8 
H2031 forte B3 No Damage 11.2 15.1 133.5 -92.0 
H2031 forte C1 No Damage 8.8 11.1 87.4 -59.1 
H2031 forte C2 No Damage 11.4 15.8 150.9 -103.8 
H2031 forte C3 No Damage 9.2 11.5 75.6 -51.4 
H2031 forte C4 No Damage 9.7 12.4 105.8 -79.0 
H2031 forte C6 No Damage 18.2 30.1 434.6 -316.6 
H2031 forte C7 No Damage 9.2 11.6 73.8 -57.5 
H2031 forte C8 No Damage 9.3 11.9 124.3 -69.7 
H2031 forte D2 No Damage 14.9 19.0 213.3 -99.5 
H2031 forte D3 No Damage 15.7 20.5 228.3 -216.3 
H2031 forte D4 No Damage 16.0 23.8 562.0 -571.5 
H2031 forte D7 No Damage 18.1 25.0 447.6 -383.8 
H2034 forte B1 No Damage 8.3 10.6 123.5 -64.7 
H2035 forte A5 No Damage 10.9 14.5 140.2 -116.0 
H2035 forte B1 No Damage 14.8 35.7 774.8 -845.5 
H2035 forte B2 No Damage 8.8 11.3 121.2 -82.4 
H2035 forte B5 No Damage 9.6 12.3 96.8 -59.5 
H2035 forte B6 No Damage 9.4 11.9 82.2 -55.3 
H2035 forte B7 No Damage 8.1 10.3 90.8 -64.2 
H2035 forte C2 No Damage 9.2 11.8 120.0 -70.2 
H2035 forte C3 No Damage 10.5 16.7 380.0 -265.3 
H2035 forte C6 No Damage 9.4 11.8 81.1 -54.8 
H2035 forte C7 No Damage 9.6 13.2 257.5 -161.6 
H2035 forte C8 No Damage 9.5 12.0 90.9 -56.7 
H2035 forte D1 No Damage 8.5 11.0 135.5 -90.6 
H2035 forte D2 No Damage 8.4 10.8 114.7 -54.1 
H2035 forte D3 No Damage 9.8 12.7 123.4 -80.3 
H2035 forte D4 No Damage 9.8 12.5 100.0 -68.6 
H2035 forte D5 No Damage 9.3 12.1 156.8 -77.5 
H2035 forte D6 No Damage 8.9 11.2 60.0 -48.6 
H2035 forte D7 No Damage 8.8 11.2 102.8 -51.2 
H2035 forte D8 No Damage 8.5 10.8 91.3 -54.5 
Average roughness on explanted forte heads with No Damage 14.9 21.2 232.9 -228.2 
Standard Deviation 23.3 34.5 259.8 449.1 
H2007 forte APEX Pits 88.7 139.6 1454.8 -1767.9 
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H2007 forte A1 Pits 71.6 104.9 2064.9 -785.7 
H2007 forte B2 Pits 34.1 66.9 919.8 -1594.8 
H2007 forte B5 Pits 57.1 94.2 941.5 -1311.8 
H2009 forte A4 Pits 13.0 19.2 359.4 -140.8 
H2009 forte B5 Pits 24.2 69.7 1203.7 -1441.8 
H2009 forte C5 Pits 35.8 70.4 1040.5 -1682.7 
H2012 forte B7 Pits 19.4 31.4 475.9 -332.2 
H2015 forte APEX Pits 18.1 27.4 282.6 -388.6 
H2015 forte A1 Pits 47.0 82.4 726.8 -1684.8 
H2015 forte A2 Pits 20.5 29.5 198.9 -351.1 
H2015 forte A3 Pits 16.8 23.2 206.4 -210.8 
H2015 forte A4 Pits 13.0 18.0 211.5 -183.0 
H2015 forte A5 Pits 11.3 15.4 210.8 -149.9 
H2015 forte A6 Pits 25.9 38.9 370.4 -466.9 
H2015 forte A7 Pits 81.6 141.0 1030.5 -1859.9 
H2015 forte A8 Pits 92.5 159.1 938.4 -1865.7 
H2015 forte B1 Pits 16.3 23.0 149.6 -269.5 
H2015 forte B7 Pits 14.0 19.1 108.8 -178.8 
H2015 forte B8 Pits 18.6 26.9 200.8 -310.3 
H2018 forte B1 Pits 24.9 57.0 890.5 -1681.7 
H2018 forte B4 Pits 16.9 32.3 567.7 -396.3 
H2018 forte B5 Pits 14.4 28.2 479.5 -341.7 
H2018 forte B6 Pits 14.3 29.1 590.4 -392.2 
H2018 forte B7 Pits 15.0 29.5 518.4 -392.5 
H2018 forte B8 Pits 20.1 37.3 545.3 -560.7 
H2018 forte C1 Pits 13.5 25.4 432.2 -285.8 
H2018 forte C2 Pits 16.0 33.6 534.2 -400.9 
H2018 forte C3 Pits 13.3 25.9 476.4 -303.7 
H2018 forte C4 Pits 13.1 24.9 397.3 -282.4 
H2018 forte D1 Pits 13.5 27.0 453.4 -332.6 
H2018 forte D2 Pits 15.2 34.3 609.8 -395.1 
H2019 forte A8 Pits 12.3 16.9 177.7 -205.0 
H2019 forte B7 Pits 123.8 173.9 1152.8 -2015.5 
H2019 forte D4 Pits 20.8 27.0 342.9 -358.8 
H2020 forte APEX Pits 12.1 21.1 247.5 -478.0 
H2020 forte B8 Pits 26.5 48.1 574.2 -645.0 
H2023 forte B4 Pits 191.4 273.5 1163.0 -2457.2 
H2024 forte A8 Pits 73.5 113.7 839.4 -1744.1 
H2025 forte APEX Pits 8.8 11.3 105.7 -75.6 
H2025 forte A1 Pits 57.2 97.2 783.8 -1557.5 
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H2025 forte A2 Pits 64.7 109.0 781.9 -1692.3 
H2025 forte A3 Pits 36.6 57.4 523.4 -974.0 
H2025 forte A7 Pits 13.0 17.5 112.6 -155.9 
H2025 forte B1 Pits 18.5 28.0 361.6 -337.1 
H2026 forte APEX Pits 125.6 197.1 1301.4 -2367.0 
H2026 forte A3 Pits 59.6 96.5 998.6 -1800.6 
H2026 forte A4 Pits 176.1 247.3 1241.5 -3215.1 
H2026 forte A5 Pits 120.9 173.8 1169.6 -1962.7 
H2026 forte A6 Pits 147.1 232.5 1273.8 -2459.1 
H2026 forte A7 Pits 116.2 182.9 1176.3 -2595.8 
H2026 forte A8 Pits 99.0 147.7 1174.9 -1685.4 
H2026 forte B1 Pits 24.6 41.6 446.8 -465.6 
H2026 forte B2 Pits 10.4 13.2 111.3 -91.9 
H2026 forte B4 Pits 14.7 21.2 337.4 -271.2 
H2026 forte C1 Pits 10.7 13.6 110.7 -81.1 
H2030 forte APEX Pits 15.4 27.3 423.0 -300.2 
H2030 forte A1 Pits 39.2 68.5 569.3 -1307.5 
H2030 forte A3 Pits 10.4 19.0 386.3 -250.2 
H2030 forte A4 Pits 9.7 18.9 378.7 -256.1 
H2030 forte A5 Pits 9.9 17.6 340.8 -238.2 
H2030 forte A6 Pits 12.2 19.5 341.2 -214.3 
H2030 forte A7 Pits 27.9 44.7 424.6 -680.6 
H2030 forte A8 Pits 48.8 89.5 617.7 -1585.3 
H2030 forte B1 Pits 22.4 35.7 362.5 -486.6 
H2030 forte B8 Pits 21.7 36.9 453.7 -627.6 
H2030 forte D3 Pits 32.0 45.2 524.9 -857.0 
H2030 forte D6 Pits 26.3 49.1 669.8 -1248.3 
H2031 forte B8 Pits 9.8 12.5 127.4 -66.1 
H2035 forte A8 Pits 10.2 13.1 129.9 -89.0 
H2035 forte B8 Pits 8.7 10.9 86.1 -66.0 
Average roughness on explanted forte heads with Pits 39.1 62.7 590.6 -855.0 
Standard Deviation 41.7 62.1 404.6 787.1 
H2001 forte B3 Scratches 7.5 9.5 61.4 -46.3 
H2004 forte A4 Scratches 10.3 14.8 283.7 -255.6 
H2009 forte A1 Scratches 10.5 13.6 131.5 -88.0 
H2009 forte A3 Scratches 9.7 12.8 145.6 -101.0 
H2009 forte B1 Scratches 83.4 158.5 1369.3 -1510.7 
H2009 forte B2 Scratches 17.9 25.6 291.2 -140.0 
H2009 forte B3 Scratches 16.2 25.4 457.3 -502.7 
H2009 forte B4 Scratches 19.0 38.5 887.0 -900.2 
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H2009 forte B6 Scratches 17.2 29.0 339.4 -400.3 
H2009 forte B8 Scratches 101.4 201.8 1338.9 -1984.0 
H2009 forte C1 Scratches 20.0 28.1 447.0 -243.5 
H2009 forte C2 Scratches 16.3 26.2 459.0 -317.1 
H2009 forte C3 Scratches 28.1 44.9 635.8 -1012.7 
H2009 forte C4 Scratches 15.1 20.4 239.4 -209.2 
H2009 forte C6 Scratches 17.7 26.3 371.4 -286.7 
H2009 forte C7 Scratches 18.2 30.6 569.1 -636.2 
H2009 forte C8 Scratches 16.1 28.4 565.4 -199.5 
H2009 forte D5 Scratches 13.5 20.2 283.1 -220.8 
H2009 forte D6 Scratches 24.2 66.9 1042.9 -1098.4 
H2009 forte D8 Scratches 11.0 14.9 116.2 -120.5 
H2011 forte D6 Scratches 15.1 24.6 466.0 -212.0 
H2020 forte C3 Scratches 19.9 41.4 719.4 -914.1 
H2020 forte C4 Scratches 12.8 25.0 424.4 -188.0 
H2023 forte B7 Scratches 34.9 49.8 598.6 -588.0 
H2023 forte C7 Scratches 28.1 41.8 332.7 -310.3 
H2023 forte C8 Scratches 14.9 24.3 377.9 -633.7 
H2027 forte C1 Scratches 13.4 18.7 202.2 -163.1 
H2027 forte C3 Scratches 18.1 26.8 301.5 -230.3 
H2027 forte C4 Scratches 9.1 13.8 182.0 -225.1 
H2027 forte C5 Scratches 9.0 13.1 228.8 -160.5 
H2027 forte C8 Scratches 37.2 59.9 454.6 -397.5 
H2027 forte D1 Scratches 17.3 26.0 464.5 -310.0 
Average roughness on explanted forte heads with Scratches 22.0 37.6 462.1 -456.4 
Standard Deviation 19.9 40.1 319.0 442.7 
H2001 forte A7 Stripe Wear 146.8 218.0 1153.4 -2876.6 
H2001 forte B5 Stripe Wear 7.9 12.2 220.8 -76.6 
H2001 forte B6 Stripe Wear 149.9 202.6 1132.4 -2296.1 
H2003 forte B3 Stripe Wear 207.4 291.6 1207.9 -2652.5 
H2003 forte C1 Stripe Wear 109.7 175.2 1195.6 -2344.9 
H2007 forte A5 Stripe Wear 17.6 27.4 355.2 -485.6 
H2007 forte A6 Stripe Wear 158.5 227.7 1232.3 -2830.4 
H2007 forte A7 Stripe Wear 251.5 352.3 1534.1 -6360.5 
H2007 forte B1 Stripe Wear 219.8 307.6 1257.9 -3342.2 
H2007 forte B4 Stripe Wear 175.5 243.5 1141.8 -2836.5 
H2007 forte B7 Stripe Wear 152.6 208.7 1191.9 -2221.1 
H2007 forte B8 Stripe Wear 190.3 270.8 1299.0 -2993.7 
H2011 forte A5 Stripe Wear 179.6 248.6 1158.2 -2442.1 
H2011 forte A6 Stripe Wear 197.0 282.5 1221.0 -3136.4 
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H2012 forte APEX Stripe Wear 131.5 174.7 1067.7 -1674.1 
H2012 forte A5 Stripe Wear 15.1 21.7 274.7 -211.3 
H2012 forte B1 Stripe Wear 124.2 168.3 1197.5 -1789.4 
H2018 forte APEX Stripe Wear 25.1 43.5 627.5 -812.2 
H2018 forte A2 Stripe Wear 352.4 479.8 2603.1 -2547.6 
H2018 forte A3 Stripe Wear 232.2 326.2 1267.0 -4018.7 
H2018 forte A4 Stripe Wear 243.5 338.9 1660.1 -3188.7 
H2018 forte A5 Stripe Wear 22.9 45.1 622.5 -602.4 
H2018 forte A6 Stripe Wear 189.0 288.3 1222.9 -4659.7 
H2018 forte A7 Stripe Wear 218.8 309.8 1245.8 -3012.8 
H2018 forte A8 Stripe Wear 196.5 269.6 1299.6 -2689.9 
H2018 forte B2 Stripe Wear 196.5 274.2 1245.1 -2602.9 
H2018 forte B3 Stripe Wear 238.4 329.7 1285.6 -3015.2 
H2018 forte C5 Stripe Wear 295.4 501.6 1928.7 -3741.5 
H2019 forte A4 Stripe Wear 187.0 261.5 1142.8 -2512.4 
H2019 forte A5 Stripe Wear 210.2 295.9 1186.8 -3222.8 
H2019 forte A7 Stripe Wear 38.3 63.3 479.1 -730.0 
H2019 forte B6 Stripe Wear 200.5 282.7 1231.8 -3267.3 
H2023 forte APEX Stripe Wear 332.9 439.0 1391.8 -6824.4 
H2023 forte A2 Stripe Wear 239.6 362.0 1582.5 -6244.9 
H2023 forte A5 Stripe Wear 204.8 312.9 1238.6 -4216.1 
H2023 forte A6 Stripe Wear 314.4 414.9 1449.1 -4093.9 
H2023 forte A7 Stripe Wear 297.6 400.8 1415.8 -4540.0 
H2023 forte A8 Stripe Wear 303.1 407.3 1423.9 -4107.1 
H2023 forte B1 Stripe Wear 208.9 327.1 1817.9 -5349.4 
H2023 forte B2 Stripe Wear 165.4 251.9 1204.5 -3157.3 
H2023 forte B6 Stripe Wear 301.6 414.4 1825.8 -6750.2 
H2023 forte C1 Stripe Wear 528.3 937.4 3650.8 -13938.0 
H2023 forte C6 Stripe Wear 302.9 406.3 1678.3 -4780.3 
H2024 forte A3 Stripe Wear 32.5 52.2 630.6 -924.0 
H2024 forte B2 Stripe Wear 128.0 183.4 1066.5 -1836.4 
H2026 forte A1 Stripe Wear 107.9 169.4 1103.4 -2245.2 
H2026 forte A2 Stripe Wear 77.6 115.8 945.5 -1733.6 
H2026 forte B6 Stripe Wear 83.6 118.9 750.2 -827.3 
H2026 forte B7 Stripe Wear 117.6 167.7 1074.1 -2201.4 
H2026 forte B8 Stripe Wear 194.8 288.6 1360.9 -3592.9 
H2027 forte APEX Stripe Wear 541.5 776.0 4070.7 -8400.1 
H2027 forte A1 Stripe Wear 213.5 326.9 1402.9 -5644.8 
H2027 forte A2 Stripe Wear 258.0 414.2 1472.7 -9692.0 
H2027 forte B3 Stripe Wear 142.7 208.6 1235.6 -2167.9 
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H2027 forte B4 Stripe Wear 172.5 240.3 1193.2 -2864.2 
H2027 forte B5 Stripe Wear 162.1 219.9 1042.6 -2370.4 
H2027 forte B6 Stripe Wear 161.8 225.7 1084.0 -2165.4 
H2027 forte B7 Stripe Wear 230.3 328.9 1387.9 -3561.8 
H2027 forte B8 Stripe Wear 182.3 262.0 1276.1 -3714.8 
H2030 forte B7 Stripe Wear 240.2 356.2 1416.5 -4125.3 
H2030 forte D1 Stripe Wear 60.2 103.3 867.3 -2091.2 
H2030 forte D2 Stripe Wear 79.5 122.5 879.5 -1809.2 
H2031 forte A4 Stripe Wear 64.7 93.5 679.9 -522.2 
H2031 forte A5 Stripe Wear 297.8 405.1 1440.7 -5230.6 
H2031 forte A6 Stripe Wear 184.4 263.8 1221.8 -3191.3 
H2031 forte A8 Stripe Wear 8.4 10.7 100.5 -63.5 
H2031 forte B4 Stripe Wear 140.5 192.0 1123.9 -2375.6 
H2031 forte B5 Stripe Wear 138.1 185.3 1225.6 -1920.9 
H2031 forte B6 Stripe Wear 101.4 140.9 963.9 -1598.0 
H2031 forte B7 Stripe Wear 10.3 13.0 111.6 -71.8 
H2031 forte C5 Stripe Wear 170.2 229.1 1153.9 -2513.3 
H2034 forte A1 Stripe Wear 10.7 15.4 178.0 -231.2 
H2034 forte A2 Stripe Wear 27.5 42.8 445.6 -524.5 
H2034 forte A3 Stripe Wear 95.3 130.6 869.1 -1067.9 
H2034 forte A4 Stripe Wear 129.6 175.7 1083.9 -2121.3 
H2034 forte A5 Stripe Wear 180.3 251.0 1207.4 -3126.3 
H2034 forte A6 Stripe Wear 170.8 233.4 1136.6 -2709.9 
H2034 forte A8 Stripe Wear 10.2 14.9 292.7 -215.5 
H2034 forte B3 Stripe Wear 100.0 144.0 972.8 -1738.3 
H2035 forte A1 Stripe Wear 228.7 311.1 1032.0 -3052.7 
H2035 forte A2 Stripe Wear 207.8 287.3 969.4 -3363.3 
H2035 forte A7 Stripe Wear 13.9 20.3 176.0 -146.3 
H2035 forte B3 Stripe Wear 14.0 19.2 173.2 -180.9 
H2035 forte C1 Stripe Wear 8.9 11.2 99.5 -55.7 
Average roughness on explanted forte heads with SW 166.4 239.1 1148.7 -2895.1 
Standard Deviation 106.7 159.3 619.9 2245.5 
H2007 forte A8 Stripe Wear TRANSITION 136.3 185.1 1147.2 -2222.8 
H2007 forte C1 Stripe Wear TRANSITION 74.0 127.8 1146.4 -2045.3 
H2011 forte B6 Stripe Wear TRANSITION 19.1 28.4 480.3 -340.3 
H2012 forte B8 Stripe Wear TRANSITION 75.8 106.1 731.0 -704.4 
H2035 forte A3 Stripe Wear TRANSITION 185.1 257.9 1209.2 -2810.2 
Average roughness on explanted forte heads with SW 
TRANSITION 98.1 238.5 1148.5 -2838.0 




l Zone Damage Mode Ra Rq Rpm Rvm 
delta 
Control delta APEX Pristine 37.9 - - - 
delta 
Control delta APEX Pristine 40.7 - - - 
delta 
Control delta APEX Pristine 35.6 - - - 
delta 
Control delta APEX Pristine 39.6 - - - 
delta 
Control delta APEX Pristine 35.0 - - - 
Average roughness values on unused delta control heads 37.8 
Standard Deviation 2.5 
H2032 delta C6 Artifact- Bio Debris 10.3 17.0 303.8 -158.3 
H2040 delta D1 Artifact- Bio Debris 28.5 51.5 392.8 -208.7 
H2040 delta D2 Artifact- Bio Debris 13.1 27.8 602.3 -216.0 
H2040 delta D3 Artifact- Bio Debris 16.1 37.1 714.5 -373.3 
H2040 delta APEX 
Metal Transfer - BOLD MULTI-
DIR 55.1 106.4 1045.0 -1286.2 
H2040 delta A1 
Metal Transfer - BOLD MULTI-
DIR 116.6 204.2 1808.6 -1530.9 
H2040 delta A4 
Metal Transfer - BOLD MULTI-
DIR 10.6 13.5 102.7 -80.3 
H2040 delta A8 
Metal Transfer - BOLD MULTI-
DIR 10.7 13.5 90.2 -64.3 
H2040 delta B4 
Metal Transfer - BOLD MULTI-
DIR 222.6 317.3 1412.0 -2247.6 
H2040 delta B5 
Metal Transfer - BOLD MULTI-
DIR 309.1 399.0 1652.5 -2062.3 
H2040 delta C3 
Metal Transfer - BOLD MULTI-
DIR 264.5 347.3 1524.1 -2116.1 
H2040 delta C4 
Metal Transfer - BOLD MULTI-
DIR 297.7 385.2 1431.4 -2190.5 
H2040 delta C5 
Metal Transfer - BOLD MULTI-
DIR 325.9 416.5 1755.8 -2098.1 
H2014 delta D2 Metal Transfer - ISOLATED 27.3 46.4 635.8 -601.9 
H2014 delta D3 Metal Transfer - ISOLATED 15.8 24.2 293.9 -156.9 
H2029 delta B4 MINOR Pits 10.0 12.6 52.6 -51.0 
H2039 delta B1 MINOR Pits 11.0 13.8 57.7 -59.4 
H2042 delta A3 MINOR Pits 12.4 15.7 99.3 -72.5 
H2006 delta C2 MINOR Scratches 12.9 17.7 209.0 -122.3 
H2006 delta C4 MINOR Scratches 11.6 14.7 88.6 -70.7 
H2006 delta APEX No Damage 11.2 14.1 62.7 -59.6 
H2006 delta A1 No Damage 11.2 14.1 57.6 -58.1 
H2006 delta A2 No Damage 11.3 14.2 64.9 -60.2 
H2006 delta A3 No Damage 11.2 14.0 56.8 -58.6 
H2006 delta A4 No Damage 11.2 14.0 62.5 -60.0 
H2006 delta A5 No Damage 11.3 14.2 58.5 -60.4 
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H2006 delta A6 No Damage 10.8 13.5 57.5 -61.0 
H2006 delta A7 No Damage 10.7 13.4 54.8 -57.8 
H2006 delta A8 No Damage 10.6 13.3 57.3 -58.5 
H2006 delta B1 No Damage 11.1 13.9 65.3 -61.3 
H2006 delta B2 No Damage 10.4 13.0 52.7 -57.4 
H2006 delta B3 No Damage 10.5 13.2 62.9 -56.3 
H2006 delta B4 No Damage 10.5 13.2 52.8 -56.5 
H2006 delta B5 No Damage 10.7 13.4 54.9 -58.4 
H2006 delta B6 No Damage 10.5 13.2 53.2 -56.3 
H2006 delta B7 No Damage 10.6 13.3 56.9 -58.4 
H2006 delta B8 No Damage 10.6 13.3 55.0 -59.4 
H2006 delta C1 No Damage 11.0 14.0 131.5 -56.3 
H2006 delta C3 No Damage 11.4 14.3 58.8 -63.2 
H2006 delta C5 No Damage 11.7 14.6 70.0 -62.7 
H2006 delta C6 No Damage 11.4 14.3 65.6 -63.9 
H2006 delta C7 No Damage 11.3 14.1 58.7 -63.9 
H2006 delta C8 No Damage 10.8 13.6 62.3 -59.1 
H2006 delta D1 No Damage 10.2 12.9 65.1 -62.3 
H2006 delta D3 No Damage 11.1 13.9 88.7 -60.9 
H2006 delta D4 No Damage 11.6 14.7 100.9 -67.1 
H2006 delta D5 No Damage 12.1 15.2 67.4 -66.1 
H2006 delta D6 No Damage 11.4 14.5 93.9 -73.5 
H2006 delta D7 No Damage 10.7 13.5 86.9 -66.4 
H2006 delta D8 No Damage 10.4 13.1 76.4 -57.3 
H2014 delta APEX No Damage 11.0 13.8 68.9 -61.4 
H2014 delta A1 No Damage 10.9 13.7 56.6 -60.2 
H2014 delta A2 No Damage 11.5 14.5 64.1 -63.7 
H2014 delta A3 No Damage 11.3 14.2 62.1 -61.1 
H2014 delta A4 No Damage 10.9 13.7 54.6 -60.2 
H2014 delta A5 No Damage 11.4 14.2 56.3 -58.3 
H2014 delta A6 No Damage 11.3 14.2 58.7 -60.0 
H2014 delta A7 No Damage 10.9 13.7 58.8 -61.8 
H2014 delta A8 No Damage 11.3 14.3 73.1 -62.3 
H2014 delta B1 No Damage 10.6 13.3 56.7 -56.7 
H2014 delta B2 No Damage 10.6 13.3 81.9 -59.2 
H2014 delta B3 No Damage 10.6 13.2 55.0 -56.8 
H2014 delta B4 No Damage 10.7 13.5 71.7 -60.7 
H2014 delta B5 No Damage 10.6 13.4 53.0 -66.4 
H2014 delta B6 No Damage 10.5 13.1 52.7 -58.4 
H2014 delta B8 No Damage 10.9 13.7 68.0 -60.2 
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H2014 delta C1 No Damage 11.7 15.0 151.6 -96.8 
H2014 delta C2 No Damage 11.5 14.4 60.4 -61.3 
H2014 delta C5 No Damage 11.6 14.5 60.0 -61.9 
H2014 delta C6 No Damage 11.4 14.3 61.6 -67.0 
H2014 delta C7 No Damage 11.5 14.4 64.6 -69.1 
H2014 delta C8 No Damage 11.7 14.8 95.7 -68.7 
H2014 delta D1 No Damage 11.2 14.0 56.3 -60.3 
H2014 delta D4 No Damage 11.1 13.9 58.5 -59.1 
H2014 delta D5 No Damage 11.2 14.1 58.6 -57.5 
H2014 delta D6 No Damage 11.4 14.3 63.0 -58.9 
H2014 delta D7 No Damage 11.0 13.9 89.5 -64.2 
H2014 delta D8 No Damage 10.9 13.8 85.9 -75.3 
H2029 delta APEX No Damage 10.2 12.9 52.0 -55.3 
H2029 delta A1 No Damage 10.1 12.6 53.0 -55.6 
H2029 delta A2 No Damage 9.8 12.3 65.4 -55.7 
H2029 delta A3 No Damage 10.1 12.6 54.8 -54.6 
H2029 delta A4 No Damage 9.9 12.5 65.3 -53.8 
H2029 delta A5 No Damage 9.8 12.4 51.2 -52.1 
H2029 delta A6 No Damage 9.9 12.4 53.2 -51.7 
H2029 delta A7 No Damage 10.0 12.6 51.4 -54.5 
H2029 delta A8 No Damage 10.3 12.9 52.3 -54.8 
H2029 delta B1 No Damage 10.2 12.7 52.2 -55.0 
H2029 delta B2 No Damage 10.0 12.5 51.6 -53.6 
H2029 delta B3 No Damage 10.0 12.6 53.7 -54.1 
H2029 delta B5 No Damage 10.0 12.5 53.3 -53.5 
H2029 delta B6 No Damage 10.0 12.6 72.2 -55.1 
H2029 delta B7 No Damage 10.1 12.7 56.7 -67.7 
H2029 delta B8 No Damage 9.7 12.2 52.5 -53.8 
H2029 delta C1 No Damage 11.4 14.7 127.0 -61.5 
H2029 delta C2 No Damage 9.9 12.4 51.9 -50.9 
H2029 delta C3 No Damage 10.4 13.1 65.0 -56.2 
H2029 delta C4 No Damage 10.0 12.6 51.8 -52.6 
H2029 delta C5 No Damage 10.0 12.6 57.2 -52.7 
H2029 delta C6 No Damage 9.7 12.2 51.0 -51.7 
H2029 delta C7 No Damage 9.8 12.3 52.3 -52.6 
H2029 delta C8 No Damage 10.0 12.6 54.1 -56.0 
H2029 delta D1 No Damage 9.9 12.4 50.9 -55.7 
H2029 delta D2 No Damage 10.0 12.6 55.1 -52.4 
H2029 delta D3 No Damage 10.1 12.7 53.6 -54.7 
H2029 delta D4 No Damage 10.3 13.0 101.4 -57.4 
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H2029 delta D5 No Damage 10.6 13.3 81.5 -56.1 
H2029 delta D6 No Damage 10.3 12.9 56.4 -54.0 
H2029 delta D7 No Damage 9.9 12.4 50.8 -51.3 
H2029 delta D8 No Damage 10.1 12.7 62.7 -54.8 
H2032 delta APEX No Damage 10.2 12.9 53.9 -56.8 
H2032 delta A1 No Damage 10.2 12.9 98.8 -62.2 
H2032 delta A2 No Damage 9.5 11.9 47.1 -51.4 
H2032 delta A3 No Damage 9.4 11.9 84.1 -56.4 
H2032 delta A4 No Damage 9.5 11.9 47.9 -50.7 
H2032 delta A5 No Damage 9.6 12.0 64.7 -52.5 
H2032 delta A8 No Damage 104.0 140.6 759.5 -1507.8 
H2032 delta B1 No Damage 9.9 12.5 66.5 -55.2 
H2032 delta B2 No Damage 9.7 12.1 55.7 -53.0 
H2032 delta B3 No Damage 9.9 12.4 53.3 -55.3 
H2032 delta B4 No Damage 10.1 12.6 55.7 -53.9 
H2032 delta B5 No Damage 10.0 12.5 60.0 -53.2 
H2032 delta B6 No Damage 10.0 12.5 52.8 -54.1 
H2032 delta B7 No Damage 9.9 12.5 69.9 -53.0 
H2032 delta B8 No Damage 10.0 12.6 52.0 -54.7 
H2032 delta C1 No Damage 9.9 12.4 57.3 -54.8 
H2032 delta C2 No Damage 10.2 12.7 55.8 -52.9 
H2032 delta C3 No Damage 10.2 13.0 117.8 -54.7 
H2032 delta C4 No Damage 10.2 12.8 60.4 -53.2 
H2032 delta C5 No Damage 10.2 12.8 55.7 -53.2 
H2032 delta C7 No Damage 10.0 12.6 53.8 -53.8 
H2032 delta C8 No Damage 10.0 12.5 52.0 -51.2 
H2032 delta D1 No Damage 10.3 12.9 76.7 -57.4 
H2032 delta D2 No Damage 10.1 12.7 79.5 -52.7 
H2032 delta D3 No Damage 10.3 13.0 76.8 -55.7 
H2032 delta D4 No Damage 10.2 13.0 101.8 -56.6 
H2032 delta D5 No Damage 10.8 13.5 58.2 -55.1 
H2032 delta D6 No Damage 10.6 13.5 106.5 -59.7 
H2032 delta D7 No Damage 10.3 13.0 65.8 -55.3 
H2032 delta D8 No Damage 10.0 12.5 63.1 -53.2 
H2039 delta APEX No Damage 11.3 14.2 58.1 -59.6 
H2039 delta A1 No Damage 10.6 13.4 59.7 -60.6 
H2039 delta A2 No Damage 10.5 13.2 54.5 -56.8 
H2039 delta A3 No Damage 10.6 13.3 54.3 -59.0 
H2039 delta A4 No Damage 10.6 13.4 54.4 -61.9 
H2039 delta A5 No Damage 10.8 13.5 54.0 -63.2 
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H2039 delta A6 No Damage 10.6 13.2 55.3 -57.2 
H2039 delta A7 No Damage 10.7 13.4 53.2 -59.9 
H2039 delta A8 No Damage 10.6 13.4 57.8 -58.2 
H2039 delta B2 No Damage 10.7 13.4 52.8 -60.8 
H2039 delta B3 No Damage 10.5 13.2 57.2 -57.8 
H2039 delta B4 No Damage 10.5 13.3 83.1 -71.6 
H2039 delta B5 No Damage 10.5 13.2 59.9 -60.4 
H2039 delta B6 No Damage 10.7 13.4 58.9 -61.3 
H2039 delta B7 No Damage 10.8 13.5 55.0 -58.2 
H2039 delta B8 No Damage 10.7 13.6 80.0 -58.5 
H2039 delta C1 No Damage 10.5 13.2 65.8 -59.8 
H2039 delta C2 No Damage 10.4 13.1 68.2 -59.1 
H2039 delta C3 No Damage 10.5 13.3 70.7 -60.4 
H2039 delta C4 No Damage 10.6 13.4 58.9 -56.5 
H2039 delta C5 No Damage 10.6 13.4 88.1 -59.4 
H2039 delta C6 No Damage 10.2 12.9 73.2 -59.0 
H2039 delta C7 No Damage 10.6 13.3 55.8 -61.8 
H2039 delta C8 No Damage 10.7 13.5 54.7 -59.2 
H2039 delta D1 No Damage 11.2 14.1 107.5 -79.3 
H2039 delta D2 No Damage 11.0 13.9 80.9 -63.9 
H2039 delta D3 No Damage 11.1 14.1 90.2 -56.1 
H2039 delta D4 No Damage 11.3 14.3 83.9 -67.6 
H2039 delta D5 No Damage 11.5 15.0 147.2 -65.7 
H2039 delta D6 No Damage 11.8 14.8 77.3 -63.1 
H2039 delta D7 No Damage 11.6 14.6 75.1 -63.2 
H2039 delta D8 No Damage 11.3 14.1 62.7 -66.7 
H2040 delta A2 No Damage 145.1 207.6 1152.1 -1626.8 
H2040 delta A3 No Damage 10.4 13.1 52.6 -59.7 
H2040 delta A5 No Damage 288.6 377.7 1749.8 -2064.1 
H2040 delta A6 No Damage 12.0 16.0 216.5 -83.1 
H2040 delta A7 No Damage 10.7 13.5 96.0 -66.6 
H2040 delta B1 No Damage 10.7 13.4 78.2 -67.5 
H2040 delta B2 No Damage 10.6 13.8 151.6 -67.6 
H2040 delta B3 No Damage 10.3 13.0 62.3 -64.5 
H2040 delta B7 No Damage 10.2 12.8 57.3 -56.2 
H2040 delta B8 No Damage 10.6 13.3 79.9 -65.9 
H2040 delta C1 No Damage 10.5 13.1 55.3 -57.5 
H2040 delta C2 No Damage 10.5 13.2 57.8 -57.5 
H2040 delta C6 No Damage 10.4 13.1 55.7 -57.8 
H2040 delta C7 No Damage 10.3 12.9 61.5 -56.6 
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H2040 delta C8 No Damage 10.5 13.1 65.5 -58.5 
H2040 delta D4 No Damage 10.8 13.5 62.6 -60.5 
H2040 delta D5 No Damage 10.6 13.6 103.7 -64.3 
H2040 delta D6 No Damage 10.4 13.0 54.3 -57.3 
H2040 delta D7 No Damage 10.8 14.2 154.9 -83.0 
H2040 delta D8 No Damage 11.4 16.6 297.6 -101.8 
H2042 delta A4 No Damage 13.1 16.6 99.5 -78.3 
H2042 delta A5 No Damage 10.4 13.0 54.2 -58.0 
H2042 delta A6 No Damage 10.0 12.5 51.7 -51.7 
H2042 delta A7 No Damage 10.2 12.8 62.8 -55.0 
H2042 delta A8 No Damage 10.1 12.8 83.2 -63.0 
H2042 delta B1 No Damage 10.0 12.6 74.1 -57.7 
H2042 delta B3 No Damage 10.2 12.8 54.0 -57.5 
H2042 delta B4 No Damage 9.7 12.2 54.7 -53.3 
H2042 delta B5 No Damage 9.9 12.5 70.0 -56.4 
H2042 delta B6 No Damage 9.8 12.3 50.4 -53.1 
H2042 delta B7 No Damage 10.0 12.5 50.5 -52.6 
H2042 delta B8 No Damage 10.0 12.5 51.4 -55.2 
H2042 delta C1 No Damage 10.5 13.1 54.7 -58.5 
H2042 delta C2 No Damage 10.6 13.3 56.1 -57.4 
H2042 delta C3 No Damage 10.6 13.3 53.8 -56.5 
H2042 delta C4 No Damage 10.6 13.3 53.9 -57.0 
H2042 delta C5 No Damage 10.7 13.4 75.7 -59.8 
H2042 delta C6 No Damage 10.4 13.0 56.5 -56.5 
H2042 delta C7 No Damage 10.3 12.9 51.9 -56.3 
H2042 delta C8 No Damage 10.4 13.0 59.5 -56.7 
H2042 delta D1 No Damage 10.6 13.2 54.7 -56.6 
H2042 delta D2 No Damage 10.5 13.2 56.8 -55.6 
H2042 delta D3 No Damage 10.7 13.4 58.8 -62.7 
H2042 delta D4 No Damage 10.7 13.4 69.0 -57.5 
H2042 delta D5 No Damage 10.5 13.1 54.3 -57.7 
H2042 delta D6 No Damage 10.8 13.9 149.0 -58.6 
H2042 delta D7 No Damage 10.4 13.0 53.4 -56.9 
H2042 delta D8 No Damage 10.4 13.1 53.1 -55.8 
H2042 delta A2 Pits 18.6 27.4 319.6 -193.2 
H2006 delta D2 Scratches 70.8 124.5 1164.1 -1485.9 
H2014 delta B7 Scratches 56.7 91.3 833.4 -1054.5 
H2014 delta C3 Scratches 11.7 14.8 80.3 -67.7 
H2014 delta C4 Scratches 11.7 14.8 127.4 -81.6 
H2040 delta B6 Scratches 26.0 61.5 770.9 -1251.6 
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H2032 delta A6 Stripe Wear 9.6 12.1 89.5 -54.5 
H2032 delta A7 Stripe Wear 43.0 59.4 393.7 -347.1 
H2042 delta APEX Stripe Wear 10.7 13.4 57.4 -60.6 
H2042 delta B2 Stripe Wear 10.2 12.8 60.4 -58.5 
H2042 delta A1 Stripe Wear TRANSITION 36.8 55.0 590.1 -633.8 





1 309.183 399.908 
90 
Appendix B: All Contact Angle Data 




forte Control forte APEX Pristine 63.9 
forte Control forte APEX Pristine 61.6 
forte Control forte APEX Pristine 60.2 
forte Control forte APEX Pristine 62.8 
forte Control forte APEX Pristine 62.7 
forte Control forte A1 Pristine 62.2 
forte Control forte B1 Pristine 61.2 
forte Control forte C1 Pristine 61.4 
forte Control forte D1 Pristine 64.2 
forte Control forte C4 Pristine 62.7 
Averages for unused forte control heads 62.3 
Standard Deviation 1.2 
H2003 forte B7 Metal Transfer - BOLD MULTI-DIR 31.7 
H2003 forte C6 Metal Transfer - BOLD MULTI-DIR 70.1 
H2027 forte C2 Metal Transfer - BOLD MULTI-DIR 85.5 
H2027 forte D2 Metal Transfer - BOLD MULTI-DIR 82.3 
H2001 forte A7 Metal Transfer - COMBO 69.3 
H2003 forte APEX Metal Transfer - COMBO 73.9 
H2003 forte A1 Metal Transfer - COMBO 71.8 
H2003 forte A2 Metal Transfer - COMBO 67.2 
H2003 forte A3 Metal Transfer - COMBO 69.2 
H2003 forte A8 Metal Transfer - COMBO 65.7 
H2003 forte B1 Metal Transfer - COMBO 71.7 
H2003 forte B2 Metal Transfer - COMBO 77.5 
H2007 forte B6 Metal Transfer - COMBO 80.1 
H2011 forte A5 Metal Transfer - COMBO 71.8 
H2011 forte B7 Metal Transfer - COMBO 83.5 
H2012 forte APEX Metal Transfer - COMBO 63.0 
H2012 forte A7 Metal Transfer - COMBO 65.0 
H2012 forte A8 Metal Transfer - COMBO 74.5 
H2012 forte C1 Metal Transfer - COMBO 52.4 
H2018 forte A2 Metal Transfer - COMBO 76.3 
H2019 forte A7 Metal Transfer - COMBO 49.5 
91 
H2020 forte A5 Metal Transfer - COMBO 84.0 
H2020 forte A6 Metal Transfer - COMBO 80.9 
H2020 forte A7 Metal Transfer - COMBO 77.0 
H2020 forte A8 Metal Transfer - COMBO 75.7 
H2020 forte B5 Metal Transfer - COMBO 76.8 
H2020 forte B6 Metal Transfer - COMBO 79.4 
H2020 forte B7 Metal Transfer - COMBO 71.8 
H2020 forte C5 Metal Transfer - COMBO 85.2 
H2023 forte A2 Metal Transfer - COMBO 66.5 
H2023 forte B3 Metal Transfer - COMBO 66.5 
H2023 forte B5 Metal Transfer - COMBO 79.9 
H2024 forte A5 Metal Transfer - COMBO 69.2 
H2027 forte APEX Metal Transfer - COMBO 75.2 
H2027 forte A4 Metal Transfer - COMBO 68.6 
H2027 forte A5 Metal Transfer - COMBO 71.4 
H2027 forte A6 Metal Transfer - COMBO 67.5 
H2027 forte A7 Metal Transfer - COMBO 71.6 
H2027 forte A8 Metal Transfer - COMBO 75.3 
H2027 forte B2 Metal Transfer - COMBO 71.8 
H2031 forte A1 Metal Transfer - COMBO 73.5 
H2035 forte A1 Metal Transfer - COMBO 72.1 
H2024 forte A6 Metal Transfer - DIFFUSE 73.0 
H2024 forte A7 Metal Transfer - DIFFUSE 71.0 
H2024 forte B1 Metal Transfer - DIFFUSE 55.1 
H2024 forte B6 Metal Transfer - DIFFUSE 68.0 
H2024 forte C2 Metal Transfer - DIFFUSE 63.4 
H2024 forte C3 Metal Transfer - DIFFUSE 62.0 
H2024 forte D3 Metal Transfer - DIFFUSE 61.2 
H2001 forte A5 Metal Transfer - ISOLATED 46.0 
H2004 forte B7 Metal Transfer - ISOLATED 45.0 
H2001 forte APEX Metal Transfer - LINEAR 46.5 
H2001 forte A6 Metal Transfer - LINEAR 70.6 
H2005 forte A2 Metal Transfer - LINEAR 49.6 
H2005 forte A5 Metal Transfer - LINEAR 46.9 
H2011 forte B8 Metal Transfer - LINEAR 40.4 
H2019 forte A4 Metal Transfer - LINEAR 74.5 
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H2035 forte C5 Metal Transfer - LINEAR 55.7 
H2005 forte A6 Metal Transfer - SPECKLED 49.9 
H2005 forte A7 Metal Transfer - SPECKLED 50.9 
H2005 forte A8 Metal Transfer - SPECKLED 50.6 
H2005 forte B1 Metal Transfer - SPECKLED 34.8 
H2005 forte B5 Metal Transfer - SPECKLED 52.9 
H2005 forte B7 Metal Transfer - SPECKLED 46.0 
H2005 forte C1 Metal Transfer - SPECKLED 47.2 
H2012 forte B3 Metal Transfer - SPECKLED 43.3 
H2012 forte B4 Metal Transfer - SPECKLED 44.4 
H2035 forte A7 Metal Transfer - SPECKLED 61.1 
H2005 forte C3 Metal Transfer - SPECKLED 44.8 
H2004 forte A3 MINOR Pits 39.3 
H2004 forte A4 MINOR Pits 49.4 
H2004 forte A7 MINOR Pits 40.3 
H2004 forte B3 MINOR Pits 36.3 
H2004 forte D4 MINOR Pits 38.9 
H2004 forte D5 MINOR Pits 32.2 
H2009 forte APEX MINOR Pits 30.2 
H2004 forte A2 MINOR Scractches 31.2 
H2009 forte A3 MINOR Scractches 25.5 
H2009 forte A6 MINOR Scractches 35.9 
H2001 forte B7 No Damage 53.9 
H2001 forte C6 No Damage 56.8 
H2001 forte D1 No Damage 60.1 
H2001 forte D2 No Damage 56.5 
H2001 forte D4 No Damage 47.9 
H2003 forte C8 No Damage 34.6 
H2003 forte D7 No Damage 48.2 
H2004 forte D6 No Damage 39.8 
H2005 forte A4 No Damage 48.8 
H2005 forte B6 No Damage 53.5 
H2007 forte C3 No Damage 28.0 
H2007 forte C6 No Damage 33.7 
H2011 forte A4 No Damage 30.8 
H2011 forte A8 No Damage 43.7 
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H2011 forte B4 No Damage 34.6 
H2011 forte C3 No Damage 45.6 
H2011 forte D1 No Damage 44.7 
H2012 forte A2 No Damage 42.2 
H2012 forte C8 No Damage 45.3 
H2019 forte A2 No Damage 41.5 
H2019 forte A3 No Damage 45.6 
H2019 forte B1 No Damage 35.6 
H2019 forte B5 No Damage 44.8 
H2019 forte D8 No Damage 59.3 
H2020 forte B2 No Damage 44.3 
H2020 forte B3 No Damage 47.6 
H2023 forte C2 No Damage 44.9 
H2023 forte C3 No Damage 45.3 
H2026 forte D1 No Damage 39.4 
H2026 forte D5 No Damage 41.7 
H2031 forte A8 No Damage 34.3 
H2031 forte B1 No Damage 43.0 
H2035 forte A6 No Damage 51.6 
H2035 forte B1 No Damage 45.8 
H2035 forte B7 No Damage 52.7 
H2035 forte C3 No Damage 55.8 
H2035 forte C7 No Damage 48.1 
H2009 forte B5 Pits 43.4 
H2009 forte C5 Pits 46.7 
H2015 forte APEX Pits 46.7 
H2015 forte A1 Pits 53.1 
H2015 forte A3 Pits 53.7 
H2015 forte A4 Pits 54.5 
H2015 forte A6 Pits 52.9 
H2015 forte A7 Pits 60.6 
H2015 forte A8 Pits 66.4 
H2015 forte B8 Pits 51.3 
H2019 forte APEX Pits 38.3 
H2019 forte B7 Pits 68.0 
H2020 forte B8 Pits 66.4 
H2025 forte A1 Pits 56.4 
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H2025 forte A2 Pits 55.0 
H2025 forte A3 Pits 47.2 
H2025 forte A8 Pits 48.6 
H2026 forte APEX Pits 59.4 
H2026 forte A1 Pits 59.8 
H2026 forte A4 Pits 68.5 
H2026 forte A5 Pits 58.0 
H2026 forte A6 Pits 62.9 
H2026 forte A7 Pits 58.2 
H2030 forte A1 Pits 52.5 
H2030 forte A7 Pits 53.5 
H2030 forte A8 Pits 57.1 
H2030 forte B8 Pits 45.9 
H2030 forte D3 Pits 63.5 
H2001 forte B3 Scratches 55.7 
H2004 forte A5 Scratches 41.9 
H2009 forte A2 Scratches 30.2 
H2009 forte B1 Scratches 48.8 
H2009 forte B4 Scratches 37.1 
H2009 forte B8 Scratches 40.5 
H2009 forte C3 Scratches 44.1 
H2009 forte C7 Scratches 33.0 
H2009 forte D6 Scratches 40.4 
H2011 forte D6 Scratches 50.3 
H2027 forte C4 Scratches 41.8 
H2027 forte C5 Scratches 51.7 
H2001 forte A8 Stripe Wear 69.2 
H2001 forte B6 Stripe Wear 78.8 
H2003 forte C1 Stripe Wear 71.6 
H2007 forte APEX Stripe Wear 58.7 
H2007 forte A6 Stripe Wear 71.6 
H2007 forte A7 Stripe Wear 71.2 
H2007 forte A8 Stripe Wear 74.3 
H2007 forte B1 Stripe Wear 81.3 
H2007 forte B4 Stripe Wear 76.4 
H2007 forte B7 Stripe Wear 73.5 
H2007 forte B8 Stripe Wear 74.3 
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H2007 forte C1 Stripe Wear 45.8 
H2011 forte A6 Stripe Wear 72.7 
H2011 forte A7 Stripe Wear 73.8 
H2011 forte B6 Stripe Wear 41.0 
H2012 forte A1 Stripe Wear 65.8 
H2012 forte A6 Stripe Wear 63.4 
H2012 forte B1 Stripe Wear 66.5 
H2012 forte B8 Stripe Wear 63.9 
H2018 forte A1 Stripe Wear 69.9 
H2018 forte A3 Stripe Wear 73.3 
H2018 forte A4 Stripe Wear 75.4 
H2018 forte A6 Stripe Wear 70.5 
H2018 forte A7 Stripe Wear 75.4 
H2018 forte A8 Stripe Wear 70.5 
H2018 forte B3 Stripe Wear 77.4 
H2019 forte A5 Stripe Wear 75.5 
H2019 forte A6 Stripe Wear 78.4 
H2019 forte B6 Stripe Wear 71.9 
H2023 forte APEX Stripe Wear 73.1 
H2023 forte A1 Stripe Wear 71.3 
H2023 forte A6 Stripe Wear 76.7 
H2023 forte B1 Stripe Wear 70.5 
H2023 forte B6 Stripe Wear 76.2 
H2023 forte C1 Stripe Wear 78.7 
H2023 forte C6 Stripe WEar 76.4 
H2024 forte A4 Stripe Wear 78.5 
H2024 forte B2 Stripe Wear 43.9 
H2026 forte B7 Stripe Wear 57.6 
H2026 forte B8 Stripe Wear 51.5 
H2027 forte A1 Stripe Wear 77.6 
H2027 forte A2 Stripe Wear 77.3 
H2027 forte A3 Stripe Wear 63.7 
H2030 forte B7 Stripe Wear 76.9 
H2030 forte D1 Stripe Wear 63.4 
H2030 forte D2 Stripe Wear 59.2 
H2031 forte APEX Stripe Wear 81.5 
H2031 forte A5 Stripe Wear 85.1 
96 
H2031 forte A6 Stripe Wear 82.6 
H2031 forte A7 Stripe Wear 80.6 
H2031 forte B4 Stripe Wear 74.3 
H2031 forte B5 Stripe Wear 73.6 
H2031 forte B6 Stripe Wear 72.2 
H2031 forte C5 Stripe Wear 59.7 
H2034 forte APEX Stripe Wear 51.3 
H2034 forte A3 Stripe Wear 65.4 
H2034 forte A4 Stripe Wear 79.3 
H2034 forte A5 Stripe Wear 86.1 
H2034 forte A6 Stripe Wear 77.8 
H2034 forte B3 Stripe Wear 70.8 
H2035 forte A2 Stripe Wear 82.2 
H2035 forte A3 Stripe Wear 76.9 
H2035 forte A4 Stripe Wear 55.1 
H2035 forte B3 Stripe Wear 76.9 
H2024 forte D6 TOOL DAMAGE 54.0 
H2024 forte D7 TOOL DAMAGE 49.0 
H2026 forte B5 TOOL DAMAGE 62.1 
H2031 forte D5 TOOL DAMAGE 57.7 
Average Contact Angle on explanted forte heads 59.5 




l Zone Damage Mode Measured Contact Angle 
delta 
Control delta APEX Pristine 
70.5 
delta 
Control delta APEX Pristine 
70.2 
delta 
Control delta APEX Pristine 
72.6 
delta 
Control delta APEX Pristine 
68.7 
delta 
Control delta APEX Pristine 
71.7 
delta 
Control delta A1 Pristine 75.4 
delta 
Control delta B1 Pristine 74.0 
delta 
Control delta C1 Pristine 76.7 




Control delta C4 Pristine 71.7 
Averages for unused delta control headss 72.4 
Standard Deviation 2.4 
H2040 delta APEX Metal Transfer - BOLD MULTI-DIR 59.1 
H2040 delta A1 Metal Transfer - BOLD MULTI-DIR 57.9 
H2040 delta A2 Metal Transfer - BOLD MULTI-DIR 69.9 
H2040 delta A5 Metal Transfer - BOLD MULTI-DIR 74.3 
H2040 delta B4 Metal Transfer - BOLD MULTI-DIR 80.0 
H2040 delta B5 Metal Transfer - BOLD MULTI-DIR 71.5 
H2040 delta C3 Metal Transfer - BOLD MULTI-DIR 79.5 
H2040 delta C4 Metal Transfer - BOLD MULTI-DIR 81.9 
H2040 delta C5 Metal Transfer - BOLD MULTI-DIR 84.0 
H2014 delta D2 Metal Transfer - ISOLATED 64.1 
H2014 delta D3 Metal Transfer - ISOLATED 58.8 
H2042 delta A4 MINOR Pits 52.3 
H2006 delta C2 MINOR Scractches 49.4 
H2006 delta C4 MINOR Scractches 51.7 
H2006 delta A5 No Damage 57.1 
H2006 delta C3 No Damage 54.8 
H2006 delta C5 No Damage 56.8 
H2006 delta C6 No Damage 47.0 
H2006 delta D1 No Damage 54.8 
H2006 delta D4 No Damage 61.9 
H2006 delta D5 No Damage 51.0 
H2006 delta D6 No Damage 54.6 
H2006 delta D8 No Damage 47.2 
H2014 delta B2 No Damage 44.6 
H2014 delta B6 No Damage 42.4 
H2014 delta C1 No Damage 57.0 
H2014 delta C7 No Damage 36.7 
H2014 delta C8 No Damage 40.8 
H2014 delta D7 No Damage 36.1 
H2014 delta D8 No Damage 40.4 
H2029 delta APEX No Damage 54.7 
H2029 delta A1 No Damage 55.3 
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H2029 delta A2 No Damage 54.2 
H2029 delta C1 No Damage 62.1 
H2029 delta C2 No Damage 62.1 
H2032 delta A1 No Damage 48.7 
H2032 delta A2 No Damage 52.1 
H2032 delta A3 No Damage 52.4 
H2039 delta APEX No Damage 60.6 
H2039 delta A1 No Damage 66.9 
H2039 delta A2 No Damage 61.0 
H2039 delta A3 No Damage 61.4 
H2039 delta A4 No Damage 60.3 
H2039 delta A5 No Damage 60.1 
H2039 delta A6 No Damage 64.6 
H2039 delta A7 No Damage 61.9 
H2040 delta B7 No Damage 62.7 
H2040 delta C7 No Damage 62.6 
H2042 delta APEX No Damage 52.7 
H2042 delta A5 No Damage 46.8 
H2042 delta A8 No Damage 49.8 
H2042 delta A3 Pits 55.0 
H2006 delta D2 Scratches 59.6 
H2014 delta B7 Scratches 52.2 
H2014 delta C3 Scratches 44.2 
H2014 delta C4 Scratches 43.1 
H2040 delta B6 Scratches 72.0 
H2032 delta A7 Stripe Wear 67.9 
H2032 delta A8 Stripe Wear 74.9 
H2042 delta A1 Stripe Wear 60.3 
H2042 delta A2 Stripe Wear 56.6 
Average Contact Angle on delta heads 57.7 
Standard Deviation 10.8 
Average Contact Angle on ALL explanted heads 59.1 
Standard Deviation 14.2 
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